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THE PROBLEM AND ITS BACKGROUND 


I assume, President Bronk, that the function of these public evening lectures, 
presented at meetings of the Academy, is to expose some special and currently active 
area of science to workers in all fields of science. Therefore, I shall avoid technical 
details as much as possible and shall set forth the necessary background in an effort 
to be intelligible and interesting to non-biologists, but hope nevertheless that biolo- 
gists too may find value in this attempt to synthesize and interpret widely scattered 
researches bearing on a fundamental problem of biology. 

My theme concerns one of the commonest events in the biological world, occur- 
ring about us on a vast scale and yet never failing to fill the observer with intense 
wonder and astonishment. I refer to the orderly sequence of visible events 
leading from a seemingly simple egg to the fully formed individual with its many, 
complex, highly differentiated and integrated parts. Biologists are a very long way 
from fully understanding how this happens. But they can be sure that the whole 
process is hereditary. For it is common knowledge that two different eggs, like 
those of a frog and a water lily, will each develop according to its own kind side by 
side in the same pond; and they do so generation after generation. Moreover, in 
any well-studied species, like the fruit fly or corn, virtually every step in the process 
of development has been blocked or modified by known differences in the hereditary 
constitution of the egg. I assume that all of you have heard of chromosomes and 
genes and know that they are the main, if not the sole, materials of heredity. So 
we may now substitute “chromosomes and genes’’ for “hereditary constitution of the 
egg”’ and attribute to them the decisive role in the mechanisms by which an indi- 
vidual develops from an egg. 

This led biologists into an apparent paradox of the first magnitude. For all the 
diverse unit parts—or cells—of which the individual is composed appeared to pos- 
sess exactly the same set of chromosomes.' That would hardly be expected if the 
cell differences are determined by the genes. Let’s look into this a bit closer. The 
egg is a cell: it possesses a nucleus, which contains the chromosomes with their 
genes; surrounding the nucleus is a heterogeneous mass of fluid, granules, fibres, and 
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the like contained within a membrane. Everything but the nucleus is collectively 
called cytoplasm. The egg cell divides into two cells. In the process, the chromo- 
somes are all exactly duplicated and distributed precisely to the nuclei of the two 
daughter cells so that both nuclei have exactly the same set of chromosomes and 
genes as the egg cell. The process is repeated over and over again. Inthe end the 
resulting individual, as in the case of Man, may come to be composed of many 
millions of millions of cells. But usually they all have the same set of chromosomes, 
46 in the nucleiof Man. Yet the cells come to be very different. In Man there are 
said to be about 100 different kinds of cells, each distinctive in appearance, highly 
specialized and limited to the performance of restricted functions: nerve cells, 
muscle cells, gland cells, skin cells, bone-forming cells, and so on. In the course of 
their origination during development, at first. only fairly generalized differences 
appear; then the differences become step by step greater and greater. The obvious 
differences are in the cytoplasm of the cells, the nuclei looking much alike and, as I 
said, containing the same set of chromosomes. The paradoxical question obviously 
is this: how can one reconcile the fact that the chromosomal genes control the 
whole process of development, including the progressive differentiation of diverse cell 
types, with the fact that these diverse cells possess exactly the same chromosomes 
and presumably the same genes? 

The paradox, among other things perhaps, led a leading embryologist? in a book 
just off the press virtually to put genetics aside as unimportant for the problem. 
He apparently closed his eyes to the fact that a revolution® has been in the making 
in this field for some years; it is now in full progress, by no means completed, but 
far enough along to tell the world about it. That’s what I’ll try to do tonight. As 
you will see, the revolution has several roots. It grows out of radically new ap- 
proaches to the embryological problems, new materials, and new levels of investiga- 
tion, ending at the molecular level. But the central question that unites these— 
the common stem to which all roots lead—concerns how the actions of the nucleus, 
with its chromosomes and genes, are regulated; how they function in the origina- 
tion of celi diversity. This question is only partly answered, but the broad outlines 
of the general nature of the solution are beginning to emerge. In trying to delin- 
sate them, I shall have to pick and choose from the wealth of available information 
and omit many important studies; and even deal briefly and lightly with those that 
are mentioned. But this should suffice, for my object is to tell only so much as is 
needed to convey an idea of the nature of the current revolution and of its principal 
consequences thus far. I shall not at all get to other important problems of develop- 
ment: for example, the orderly way in which the diverse cells move about and or- 
ganize themselves into tissues and organs, or the more profound and still almost 
totally obscure problem of the control of the fantastically precise ordering of the 
sequence of events in space and time. We shall have more than enough to do in 
limiting the discussion merely to the role of nuclei, chromosomes, and genes in the 
origination of cell diversity during development. 

Let us then begin at the beginning. Experimental embryologists, using the 
techniques of adding, removing, rearranging, or marking parts of the egg or its 
earliest formed descendant cells, showed many years ago that the cytoplasm of the 
egg was a mosaic of diverse parts destined to form different kinds of cells in the later 
stages of development. These diverse parts of the cytoplasm of the egg were 
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separated sooner or later into different cells; that is, cytoplasmic division was un- 
equal. That, then, is one mechanism involved in cellular differentiation. The 
experimenters also managed to test, up to the stage at which about 100 cells were 
formed, whether the nuclei of the cells were functionally equivalent. This they did 
by various ingenious operations. The result was unequivocal. All these nuclei 
were functionally equivalent. This agreed with the observed exact division of 
nuclei at cell division. So, cell differentiation appeared not to be based on nuclear 
differences. However, the nucleus was shown to play a decisive part in creating 
the original mosaic pattern of determinative regions in the cytoplasm of the egg. 
All of these beautiful analyses have been repeatedly confirmed. They still stand 
as entirely valid. 

On this substantial factual basis, it was possible to construct an hypothesis of the 
gene and cellular differentiation. And with it the apparent paradox disappeared. 
The hypothesis is basically simple in principle, when stripped to its simplest form. 
Proceeding from the fact that the parts of the mosaic cytoplasmic pattern in the 
egg, set up by the action of the nucleus, are separated into different cells, the hy- 
pothesis merely maintains that identical nuclei, acting fundamentally alike, would 
yield different cytoplasmic products in cells containing different kinds of cytoplasm. 
Very simple. Very logical. Entirely credible. Now these new cytoplasmic prod- 
ucts would again be separated by cell division into different cells; and again the 
result, of the action of identical nuclei on the different cytoplasms of different cells 
will lead to further different products. In this way cell differentiation could be 
progressive, as it is observed to be. 

This is an ingenious way of reconciling nuclear equivalence of all the cells with an 
essential role of the genes throughout development. The genes set up the initial 
pattern of cytoplasmic diversity; the genes interact essentially at every step with 
whatever cytoplasm is present in a cell. The different consequences of gene action 
in different cells are due merely to the presence of different reactants in the cyto- 
plasm, not to different primary actions of the gene. That is, each gene was believed 
to be constantly forming its primary product and transmitting it to the cytoplasm 
in every cell. What this product could do, however, and how ‘ar a chain of reac- 
tions initiated by it could go, depended on what cytoplasmic substances were 
present in the cell. 

This simple and apparently satisfactory hypothesis, in essentially the form I have 
represented it, was accepted by so astute and scholarly a biologist as Wilson‘ in his 
monumental treatise of 1925 on The Cell. There was no good reason to doubt it. 
Unfortunately however there was also very little evidence for it, except what has 
already been mentioned. When one recalls that there are thousands of genes in 
ach nucleus, all assumed to be producing substances, and the complexity of the 
cytoplasm into which these thousands of substances were assumed to be pouring, it 
is difficult to imagine how the hypothesis could really be tested adequately. It 
therefore persisted largely as a formal scheme, appealing but untested and not 
likely to be tested. And some embryologists went about their business as if the 
nucleus, the chromosomes, and the genes didn’t exist. Their experiments concen- 
trated on the immediate factors involved in cell movements and cell aggregations 
into tissues, on tissue interactions called ‘induction,’ and—more recently—on 
chemical characterization of cell differences, on the responses of cells and tissues to 
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various chemical substances known and unknown, and on the ultrafine differences in 
cell structure and organization by exploiting the mighty new powers of the electron 
microscope. All highly worthy endeavors. And all strictly in the grand tradition 
of embryology, modified only by new tools such as the electron microscope or new 
methods and points of view such as those of biochemistry and molecular biology. 


NUCLEAR DIFFERENTIATION IN MULTICELLULAR ORGANISMS 


Then came, several years ago, a most important step in the embryological revolu- 
tion. As so often happens, it was made possible by the perfection of a machine 
which permitted experiments of a new type. For many years, beginning with 
Barber and much helped by Chambers, biologists were striving to make machines 
which would permit microsurgery, operations on small cells. Several inventors 
greatly improved the machine, especially De Fonbrune in France who also per- 
fected a useful accessory machine—a microforge for controlling precisely the con- 
struction of very small needles and pipettes to use in the surgical operations. Among 
those who exploited these new tools were a team of two researchers—Briggs (now, I 
am happy to say, here at Indiana) and King,® who took off from the fact that the 
prevalent hypothesis of the gene and cell differentiation was based upon an inade- 
quately tested point. 

You will remember that the assumption of functionally equivalent nuclei in all 
cells of the body was founded upon experiments limited to the first hundred or so 
nuclei produced by divisions of the egg nucleus. Briggs and King, aware that this 
might well be too early a stage in development to expect functional differences 
among the nuclei, decided to exploit the new machines to discover—what had 
previously been virtually impossible to test—whether functional differences among 
the nuclei existed slightly later in development, just after cell-groups had first 
become determined to develop into different cell types. Their method was to 
insert the nucleus from a cell of such a determined cell-group into the egg after 
removing the egg’s own nucleus. 

The simple and direct questions asked were: ‘Will the nucleus from such a cell 
interact normally, like an egg nucleus, with the egg cytoplasm and permit normal 
development? Or will the inserted nucleus be more limited in its capacity to 
interact with the egg cytoplasm so that the egg develops to only a limited stage, 
and is perhaps deficient in the production of certain embryonic parts?” They found 
in the frog that such nuclei were indeed not equivalent to the nucleus of the egg or 
its first 100-odd descendant nuclei. Instead of developing normally, the embryo 
often ceased to develop at a certain stage and showed marked deficiencies of cer- 
tain cell types. This raised further questions: first, ‘‘Do nuclei from cells of dif- 
ferently determined regions, when transplanted into an egg, yield in the resulting 
embryo mainly the same type of cell that donated the nucleus, with deficiencies of 
other cell types?” Preliminary studies on this problem indicated that they do. 
Thus the nuclei of different cells of an embryo seem to be functionally different in 
correlation with the embryonic region from which the nuclei came. Second, “Do 
the nuclei become progressively modified or limited as development proceeds?” 
Again the answer is, “Yes.” Fewer and fewer nuclei are able to support develop- 
ment of the egg beyond the earliest stages. Third, ‘Are the nuclear changes, as the 
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embryo develops, self-perpetuating through many cell divisions?”’ Once more the 
answer is, “Yes.” King and Briggs found that the modified nuclei reproduce true to 
type through a series of successive transplants to new eggs, in each generation trans- 
planting the nuclei early, before the donor cell regions become determined again. 

These startling and revolutionary results indicated that the old idea of exact 
equivalence of the nuclei in different cells is wrong. Yet they still leave open three 
basic questions. First, as Briggs and King cautiously note, the operations involve 
always transplantation of a little cytoplasm around the nucleus and it is difficult to 
exclude absolutely the possibility that the differentiation is in this cytoplasm in- 
stead of in the nucleus. But that seems most unlikely, for the differentiations are 
self-reproducing. Moreover other parts of the cytoplasm of the cells have no 
effects when implanted in the egg. Second, the experiments do not tell whether 
the apparent nuclear changes are the cause or the consequence of regional or cell 
differentiation, or perhaps both. Third, what exactly is the nature of the nuclear 
changes? They involve no conspicuous change in the chromosomes—the chromo- 
some set remains superficially the same. No more than that is known. These 
and other important questions will doubtless eventually be answered for, as might 
be expected, this new kind of research is being actively pursued both by the initia- 
tors of it and by many others. 

Meanwhile, other evidences for the existence of nuclear and chromosomal 
differences in differentiated cells of an individual have begun to accumulate from 
direct observation, from genetic studies, and from chemical analysis. 

Most fruitful for direct observation are nuclei in which the chromosomes are 
enormously enlarged so that the fine details of their structure can be observed. 
Such nuclei occur in various types of cells in some larval insects including, for- 
tunately, the fruit fly, which is genetically the most fully investigated organism. In 
it, the visible markings in the chromosomes have been correlated with the positions of 
known genes; and the same correlation undoubtedly exists for other genetically 
less well-known insects. One important point was early established: the full set 
of visible markers of gene positions is present in the chromosomes of the nuclei of the 
various kinds of cells possessing such nuclei. This agrees with the evidence ob- 
tained in other ways that the full set of genes is present in diverse kinds of cells, 
presumably in all the nuclei of the body. 

However, on closer examination—especially by Beermann, Breuer and Pavan,® 
remarkable visible differences were observed when corresponding regions of the 
chromosomes were compared in different kinds of cells. A particular spot, pre- 
sumably the location of a particular gene, was found to be much enlarged or opened 
out in certain kinds of cells, not in others; moreover, different spots showed such 
features in different kinds of cells or at different stages of development. Indeed, a 
given enlarged spot can apparently later regress to the compact form. Such en- 
larged regions have been interpreted to represent the sites of genes that are espe- 
cially active. If so, particular genes differ in activity in different cells; and differ- 
ences exist in the chromosomes themselves, though at least some of them appear to 
be transient and reversible. However, two important questions remain un- 
answered. First, do those regions of the chromosome which are interpreted as being 
specially active in a given cell type include the genes responsible for the special 
functions of that cell type? Second, once again are the observed local chromosomal 
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differences the cause or consequence of the cell differentiation, or perhaps both? 

The importance of these observations lies of course in the specificity of the 
chromosomal variations, the definitely localized, very small regions that look 
different and are presumed to be specially active, each in its particular kind of cell. 
Larger chromosomal regions or whole chromosomes have also been found to be 
visibly different in different kinds of cells. For example, the one sex or X chromo- 
some in the male fruit fly is thicker than either of the two X chromosomes in the 
female. In many mammals, including Man, Barr’ and others have shown that the 
nuclei of many kinds of cells of the female show a chromosomal structure not pres- 
ent in the corresponding cells of the male; and, more pertinent to our theme, 
within the female, this structure is present in the nuclei of only certain kinds of cells. 
There is thus no doubt that the same set of chromosomes shows differences in 
appearance in different kinds of cells; and these differences may indicate 
differential activity of the chromosomes and genes.® 

Among the visible differences in localized parts of the chromosomes is one kind 
which may prove to be of supreme importance for gene action in cellular differentia- 
tion. I shall call such parts the H parts of the chromosomes. Biologists will rec- 
ognize that: my H stands for heterochromatic parts. The H parts of chromosomes 
contain relatively very few genes, though they may be quite long. These peculiari- 
ties, according to some cytologists,® are due to the stretched or uncoiled condition of 
the thread of contained genes and to their heavy coating with non-genic material. 
The H parts of the chromosome are known in the fruit fly to affect the action of 
neighboring genes. Very similar interactions between chromosomal regions have 
also been found in corn by McClintock,’ Brink", and others and are believed to be 
due to the effect of small H regions—which McClintock calls controlling elements— 
on adjacent genes. This term is convenient and descriptive, so I shall use it instead 
of H region. 

Pioneer work in this field, as in so many areas of genetics, was done about 25 
years ago by Muller’? and his collaborators on the fruit fly. He and those who 
followed him, especially Schultz,'* studied the effects of breaking chromosomes and 
recombining the parts in new associations. Schultz found that the action of a gene 
often depends on whether it is close to or remote from an H region or, as I refer to it, 
a controlling element. For example, a gene may act normally when remote from 
a controlling element but, when close to it, may fail to act or act only sporadically in 
patches of cells formed late in development. This results in the trait involved 
appearing in spots on the individual. Further, the effect of a controlling element on 
the action of genes can spread along a chromosome; but when it does, the action of 
the closer genes is affected earlier than the action of those that are less close. The 
orderly time-sequence of interactions along the chromosome suggests, as Schultz has 
emphasized, that this may be a built-in chromosomal mechanism for controlling the 
stage of development at which genes come into special activity. If so, the arrange- 
ment of the genes in the chromosome might be of far greater importance for cellular 
differentiation during development than is at present generally believed. 

Of the numerous other remarkable features!‘ of controlling elements (or H re- 
gions), one of the most striking is their capacity to bring about mutations in adjacent 
or near-by genes. Until recently this had been noted in corn, where it is a striking 
feature; but it seemed not to occur in the fruit fly. However, Sandler and Hirai- 
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zumi! very recently reported evidence which indicates that high mutability may be 
involved also, in at least one case, in the fly. Whether such mutations differ in 
physical basis from other mutations is a still obscure but important point, as Stad- 
ler'® has emphasized. For it raises the question of what, if any, basic difference 
distinguishes nuclear differentiation involving persistent change of gene action from 
gene mutation itself. Many feel sure there must be a difference; but the needed 
knowledge is lacking. Perhaps the reproduction of chromosomes involves more 
than the mere exact duplication of the so-called genic code of information. 

At present we don’t know exactly how controlling elements act or just what they 
do to neighboring genes or their products. This is now a lively subject of investiga- 
tion along various lines in several laboratories,’ and we may hope for clarification. 
Whatever is going on here, I suspect that controlling (or H) elements in the chromo- 
somes carry the profoundest secrets of gene action and its regulation in general, 
including at least a part of the direction or control of cellular differentiation. 

To the evidences already cited for diversity of nuclear, chromosomal, and genic 
action in different cells may now be added briefly evidences of chemical differences 
between the nuclei of different cells. Mirsky and Allfrey’ and others have shown 
that isolated nuclei of different cells in the adult body differ in their contents of 
enyzmes, proteins, ribonucleic acids and their chemical building blocks. 

Ample evidence is thus now available from embryological experiments, from 
direct microscopic observation, from genetic analysis, and from chemical analysis 
that nuclei, chromosomes, and gene actions at or on the chromosomes differ in 
different cells of the same individual. But we are still largely in the dark as to 


whether these differences are the cause or consequence of cellular differentiation or 


both. 


NUCLEAR DIFFERENTIATION IN UNICELLULAR ORGANISMS 


That’s about as far as we can now go, on the basis of information derived from 
studies of eggs, embryos, and multicellular adults. But we could go much further if 
we are willing to admit the pertinence of information derived from studies on uni- 
cellular organisms. The pertinence of such studies is not immediately obvious, 
because unicellular organisms are so very different. When they divide, the two 
cells separate and each leads an independent life. There is nothing closely com- 
parable to embryonic development of a unified mass of differentiating cells. The 
evolution of such marked differences between unicellular and multicellular organisms 
renders likely the evolution of corresponding differences in mechanisms of genic 
control. 

Nevertheless, there are strong reasons for believing that some fundamental as- 
pects of nuclear and genic action and their control are common to all organisms. 
To mention only a few, the chemistry of the gene and gene action seem to be essen- 
tially the same in unicellular and multicellular organisms;'* in spite of the inde- 
pendence of each cell, cellular differentiation occurs normally in unicellular or- 
ganisms” as well as in multicellular organisms; and, in both kinds of organisms, it is 
associated with nuclear differentiation.» Therefore I am convinced that it is 
justifiable to extrapolate tentatively from the microorganisms to higher organisms, 
especially on problems of nuclear differentiation, and I believe that in time the 
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fundamental relations now known only in microorganisms will eventually be 
demonstrated also in higher organisms. This was exactly what happened in the 
vase of nuclear differentiation of the sort we have been discussing. My co-workers 
and I discovered and began to analyze it in the unicellular animal Paramecium, 
long before it was demonstrated in any higher organism. So, I feel entitled to 
round out the subject tonight by pointing out the additional pertinent fundamental 
knowledge derived from studies on microorganisms. 

Over 20 years ago, my students and I discovered nuclear differentiation in the 
aquatic unicellular animal, Paramecium aurelia, have subsequently pursued the 
analysis of it, and have repeatedly called the attention of embryologists and other 
biologists to the significance of this phenomenon and our analysis of it for the prob- 
lem of the gene and cellular differentiation.” The most fully analyzed example 
concerns the two sexes or mating types. When two cells of different mating type 
bump into each other in the course of random swimming, the cilia—little rhythmi- 
‘ally beating hair-like projections on their surfaces—adhere to each other. This 
leads to mating between the two cells. Contacts between cells of the same mating 
type do not result in ciliary adhesion. During mating the two cells of different 
mating type fertilize each other and then separate, each reproducing thereafter by 
repeated cell divisions. As a rule, the progeny of one paramecium are alike in 
mating type; that is, the two mating types are inherited traits. However, in nearly 
all strains, cells that differ in mating type have identical sets of chromosomes and 
genes. Nevertheless, the difference in mating type was shown to be due to some 
difference between their nuclei. This hereditary nuclear differentiation arises 
among the first nuclei formed after fertilization, in fact before the first cell division 
occurs. The results thus far simply agree in principle with what was later shown by 
Briggs and King® to occur also in a higher organism, the frog. 

But we were able to go further. First, I proved that the differentiation of nuclei 
in some strains was brought about by the action of one or another of two 
kinds of cytoplasm present in the cell at the time the nuclei differentiate. This 
relation has not yet been demonstrated in any higher organism. Second, I 
proved in 1954 that the decisive cytoplasmic factors were themselves determined by 
the action of the kind of differentiated nucleus which had been present in the cell 
before fertilization. Another relation not yet demonstrated in higher organisms. 
The same experiments showed further that after a nucleus had once been differen- 
tiated by a cytoplasmic factor, its descendant nuclei could not be differentiated in the 
other direction by later exposure to the-other cytoplasmic factor. These nuclear 
differentiations seem to be irreversible and hereditary. 

Here for the first time we can answer the question of whether nuclear differentia- 
tions are the cause or consequence of cellular differentiation. They are clearly 
both. The cytoplasmic factor—a cellular differentiation—differentiates the nucleus. 
So nuclear differentiation is a consequence of cellular differentiation. But this nuclear 
differentiation determines two cellular differentiations, one detected as the mating 
type of the cell and its progeny, the other detected as the cytoplasmic factor which 
differentiates nuclei. So, nuclear differentiation is also a cause of cellular differentia- 
tion. 

These two aspects of nuclear differentiations—as cause and effect of cellular 
differentiations—become even more significant in the light of their sequence in time. 
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There is an endless series of sequential cycles of interaction between nucleus and 
cytoplasm in the course of successive sexual generations. Because it is endless, the 
choice of a starting point in describing it is entirely arbitrary. Let us start with 
the nuclear differentiation that differentiates the cell so as to possess a particular 
cytoplasmic factor. This factor, this cellular differentiation, differentiates the 
first nuclei formed after the next fertilization. Then this nuclear differentiation 
differentiates the cell and its progeny not only so as to be a particular mating type, 
but also to possess a particular cytoplasmic factor that will repeat the cycle of 
nucleo-cytoplasmic interactions in the succeeding sexual generation. And so on, 
generation after generation. 

Such successive cycles of differentiation of cytoplasm by nucleus, then of nucleus 
by cytoplasm, may surely be expected to occur also in higher organisms. They 
could yield precisely the progressive, step-wise cellular differentiations that are so 
characteristic of the development of higher animals. Because the whole process of 
development is hereditary and because the nucleus is the main or sole seat of the 
machinery of heredity, the nuclear phase of the cycles of nucleo-cytoplasmic inter- 
actions is of central importance. Therefore the remainder of this lecture will be 
devoted to characterizing, in so far as present knowledge permits, the main features 
and nature of nuclear differentiation. 

Its first feature is variation in the degree of its stability. The nuclear differentia- 
tions thus far discussed in Paramecium, like those in the frog, are very stable. They 
reproduce true to type. No means of altering them are yet known. That is what 
made them so striking and so readily demonstrable. Transient or reversible nuclear 
differentiations are technically much more difficult to recognize. Nevertheless, 
their existence has been proved,—best in studies on bacteria to be mentioned later. 
But the interactions between genes and their controlling elements in the fruit fly and 
in corn may also be considered as reversible nuclear differentiations. The action of 
the genes, inhibited early in development, is released to some extent later in develop- 
ment. There are also indications, as yet unproved, of nuclear differentiations 
marked in some cases by intermediate degrees of stability and in others by extreme 
lability, in several studies*' on the unicellular animals Paramecium and Tetrahymena. 

This feature of nuclear differentiation is of the utmost theoretical importance in 
two respects. First, it indicates that nuclear differentiation may be far more 
common and general than has hitherto been supposed. For reversible as well as 
stable—indeed, even the most labile—cellular differentiations may be based upon 
nuclear changes or differentiations. Second, this extension of the domain of nuclear 
differentiation could bring into its range the labile cellular differentiations that occur 
during the development of higher animals. 

Another and apparently fundamental feature of nuclear differentiations is that 
they are in effect restrictions, limitations, or inhibitions of otherwise possible nuclear 
actions. That was brought out in the discussion of nuclear differentiations in the 
frog, the fruit fly, and corn. Later it will also be shown for those in bacteria. And 
it is true of those in unicellular animals. In Paramecium, a nucleus genetically 
vapable of determining two mating types is differentiated to determine one. In 
Tetrahymena, Nanney”® has shown that a nucleus competent to determine seven 
mating types becomes differentiated to determine only one. In both Paramecium 
and Tetrahymena, the nucleus may be compentent to determine up to a dozen or 
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more different antigenic surface substances, but appears to become more or less 
reversibly differentiated so as to determine only one.?! In general, therefore, nu- 
clear differentiation appears to be characterized by restricting nuclear action to 
only one of a set of two or more alternative genetic possibilities. This is remarkably 
parallel to what takes place during the development of higher animals. At each 
step, cellular differentiation consists of restriction to one of two or more initially 
possible alternatives. 

We are now ready to proceed to a deeper problem: What are nuclear differentia- 
tions? A nucleus, you will recall, consists of chromosomes and fluid enclosed in a 
membrane. Which of these constituents changes when a nucleus becomes differ- 
entiated? There are good reasons to conclude that the changes are in the chromo- 
somes. In Tetrahymena, as in Paramecium, the nucleus has many complete sets of 
chromosomes which are not, however, separated by membranes. Strong evidence 
has been presented in two cases, by Allen and Nanney** and by Nanney,?* that 
different sets of chromosomes in the same nucleus can be differently differentiated. 
This seems to eliminate the possibility—at least in these two cases—that the 
differentiation is in either the nuclear membrane or fluid. The same conclusion is 
indicated by studies on bacteria soon to be described, for in bacteria neither nuclear 
membrane norenclosed nuclear fluidcan befound; thereisonly chromosomal material. 
The observations® described earlier on the giant chromosomes of larval insect cells 
also lead to the same conclusion. Visible differences in highly localized chromo- 
somal regions distinguish the chromosomes present in different kinds of cells. 
Nuclear differentiation thus appears to be chromosomal differentiation. 

Now can we go still further and specify the nature of the chromosomal changes 
involved in nuclear differentiation? This is at once the most difficult, the most 
interesting, and the most fundamental of the questions we have posed. We can 
best deal with it at the end after reviewing the evidences that point to the major 
constituent of the chromosomes, the genes themselves, as the central figures in 
nuclear or chromosomal differentiation. 

In some respects, the simplest and clearest example of genic involvement in nu- 
clear differentiation in unicellular animals is the one reported here this morning for 
Tetrahymena by Nanney.** Of the two genes (alleles) of a pair for related anti- 
genic surface substances, only one—either the one or the other—appears to be 
active in each set of chromosomes. Once the decision has been made as to which is 
active, the same gene is active in all descendant sets of chromosomes. This nuclear 
differentiation thus seems to consist of a heritable suppression of the activity of one 
gene of a pair. Several investigators** have shown, however, that there are many 
pairs of genes for many pairs of surface substances in all cells of both Tetrahymena 
and Paramecium. In any cell (and, as a rule, in its descendants) only one of the 
many genes or pairs of genes—any one—appears to be active. If, as seems 
likely,?!:?*.?4 nuclear differentiation is involved here, it again appears to operate 
through suppression of the activity of all but one gene (or one pair of genes) in an 
alternative series. I believe this will prove to be a general rule. The few apparent 
exceptions are not critical.” 

Much deeper insight into the nature of the suppression of gene activity appears in 
studies on certain unicellular plants, bacteria. A few years ago, Lederberg and 
Lino* showed that a difference in antigenic traits between cells of Salmonella 
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carrying the same genes was apparently due to a differentiation in the condition of 
one gene. They accomplished this by using a virus which transports genes—one or 
a few at a time—from one bacterium to another. One of the two genes controlling 
these two alternative antigenic traits was thereby isolated and shown to exist in two 
states: one active and one inactive. When it was active in the donor, it also was 
active in the recipient; when inactive in the donor, it remained inactive in the 
recipient. Since little more than the single gene could have been transferred by 
the virus, the nuclear differentiation was narrowly limited to the gene itself or at 
most to a small region of the chromosome and its immediate milieu. 

I will cite only one more example from the bacteria. It is perhaps the most 
revealing of all. This concerns the colon bacillus, EZ. colt, and its hereditary capac- 
ity to make certain substances—enzymatic proteins involved in utilization of 
certain nutrients (beta galactoside). This system is understood in extraordinary 
detail, thanks to numerous studies by Monod” in Paris and his many collaborators. 
For present purposes we need only know that the production of the enzymes is 
controlled by definite genes, which lie close together in the chromosome. Of 
special interest is an immediately adjacent gene, 7, that acts as a controller of the 
action of the other genes. Incidentally, if this controller mutates, the action of the 
genes is no longer controlled: they make the enzymes all the time. That is wasteful 
of material and energy, so it is not surprising that the normal controlling gene 
functions to keep the genes from making their enzymes except when there is availa- 
ble the substance with which the enzymes can react. Unfortunately, the controller 
is not quite smart enough, for it also permits the genes to produce their enzymes 
when closely related substances, with which the enzymes cannot react, are present. 

In a remarkable paper now in press, which Pardee has graciously permitted me to 
read and cite, Pardee, Jacob, and Monod* report deeper probings into the workings 
of the controlling gene, 7. It acts, presumably through an enzyme, to make a com- 
pound which inhibits the action of its adjacent genes. This compound—although 
present in the cytoplasm—is highly specific; it has no effect on the action of other 
genes. The specific inhibition is overcome, i.e., the genes become active (by 
means still unknown) if the cell contains the substance on which the product of their 
action can work, or a closely related substance. There are reasons, cited by Pardee 
et al., to believe that comparable mechanisms of gene inhibition and activation are 
common among bacteria. 

Where and how do these inhibitors of gene action work? So far as the inhibitory 
action of gene 7 in the example just discussed is concerned, answers are not yet 
available. Inhibition could be taking place at the position of the controlled gene in 
the chromosome or, more indirectly, on the product of the controlled gene in the cyto- 
plasm. <A priori, one expects interactions, including inhibitory actions, to occur 
among gene products in the cytoplasm. If they are reversible, they could lead to 
alternative cytoplasmic steady states as a basis for reversible cellular differentiations, 
as Delbriick*® and others have pointed out. However, to my knowledge, this attrac- 
tive possibility has not actually been demonstrated to operate in any analyzed case. 

On the other hand, localization of the inhibition of gene action in the nucleus— 
indeed, in the chromosome and even in a small region of it which includes the in- 
hibited gene—has been demonstrated in a number of instances, as I pointed out 
earlier. The question, therefore, is not whether gene-controlled inhibitors can work 
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at the chromosome—they surely can—but rather how they work. The answer 
isn’t yet known. But some interesting guesses have been made.*® They assume 
that the inhibitors unite with the controlled gene or chromosomal regions. Such 
union has been conceived as mechanically blocking action of the genes by coating 
them or by binding them into ineffectual folds. 

Until we know exactly what goes on in the chromosome when a gene is rendered 
active or inactive, we shall probably not be able to understand fully how these 
localized chromosomal differences are perpetuated during chromosome reproduction. 
Here we face the difficult problem of how to distinguish changes in the gene itself 
from apparently irreversible changes in gene action, the problem that greatly 
disturbed Stadler'* in his posthumous last paper. The difficulty is not so acute 
when the changes are reversible, even if a given chromosomal state is long perpet- 
uated during cell reproduction. In this case, the inhibitor produced by the control- 
ling gene could readily be conceived as acting anew at short range upon the adjacent 
controlled gene of each daughter chromosome as it arises during reproduction. 
This would make gene inhibition appear as a more or less heritable nuclear differen- 
tiation. Reversal of inhibition could then be conceived as a competitive displace- 
ment of the inhibitor by another substance, perhaps by the substance on which the 
product of the inhibited gene normally acts. This conception is in effect a sort of 
chromosomal steady state, as set forth by Nanney.*! 

But, unlike Nanney, I am not satisfied with extensions of this conception to in- 
stances of apparently irreversible changes in nuclear or gene action. As I pointed 
out earlier, we know that alternative cytoplasmic conditions differentiate the nuclei 
of Paramecium for control of alternative mating types. But once differentiated, 
the nuclei cannot later be changed even when exposed to the cytoplasmic condition 
which could have earlier differentiated them in the opposite way. Must one then 
conclude that there are two kinds of “‘mutational”’ events, one consisting of re- 
producible changes in the so-called “code of information” in the gene and the other 
consisting of reproducible changes in the capacity of the gene to produce an effec- 
tive product? The question is raised only to emphasize that it exists. At present, 
so far as I am aware, it cannot be satisfactorily answered. 

However, while frankly recognizing that deep and important problems remain 
unsolved, we can take heart in the fact that the work on microorganisms has al- 
ready solved some basic problems of nuclear differentiation and the control of gene 
action and suggests how others may be solved. Similar solutions may also prove to 
be applicable to the corresponding problems in corn, flies, frogs, and other higher 
organisms. Important studies on mammalian cells, along lines quite comparable to 
those made on bacteria, were indeed reported here today by Kalckar* and his asso- 
ciates. Doubtless further studies of this sort, utilizing the wonderful advances made 
by Puck** and others in the culture of isolated mammalian cells—including human 
cells, may confidently be expected to place the analysis of the role of the gene in 
cellular differentiation of higher animals on as firm a molecular basis as the corre- 
sponding studies on microorganisms. 


THE BASIS OF CYTOPLASMIC ORGANIZATION 


One final question remains to be considered: “How are the chemical substances 
which the genes make, and the products of their interactions, translated into 
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organized structures?” For the cytoplasm is more than a bag of chemicals. It is 
highly structured, even on the purely chemical level. The enzymes resulting from 
the action of various genes often form systems that operate with millisecond speeds 
in ordered sequences; and this calls for their precise organization in ordered spacial 
sequences. On the grosser levels of visibility in the light microscope, the distinctive 
structures of diverse cell types are of course obvious and well known, and in recent 
years the fantastically powerful electron microscope has yielded much more insight 
into the structural organization of the cytoplasm. How is this organization, 
especially the difference in organization between different cells of the same organ- 
ism, determined? That the genes play a part in this is likely; but how they do so 
is, I believe, virtually unknown. 

Long ago, I*4 suggested, as have others,** that cytoplasmic organization may be in 
part determined by the cytoplasm itself. In this connection, two recent lines of 
evidence may be cited. Schmitt® and co-workers have shown how slight differ- 
ences in local conditions can organize polypeptides, the building blocks of proteins, 
into markedly different protein fibers or micellae with very different properties. 
This suggests that the same gene products can form different structures in different 
cells or even in different parts of the same cell, perhaps even on the chromosome it- 
self. The question ‘What determines the decisive local chemical conditions?” is not 
yet answerable. 

The other evidence comes from studies* on a number of unicellular organisms. 
They show that certain changes in cell structure are reproduced true to type at cell 
division. Genetic analysis, in the few cases in which it has been carried out, 
proves that the genes in the structurally diverse cells are identical. These results 
indicate that the cytoplasmic structures are essential for their own reproduction. 
Beyond question, there is absolute dependence upon the genes for the building 
blocks which are organized into structures, and the nature of the building blocks 
doubtless affects the character of the structures; but the organization itself is di- 
rected and determined by the pre-existing organization of the cytoplasm. 

The relative abundance of such evidence in unicellular organisms may well be a 
reflection of their unicellular condition. When all normal cells of a species possess a 
single standard structure, it could be directly perpetuated by cell division. Self- 
reproducing cytoplasmic structures are much less often found in higher organisms, 
especially in higher animals. In organisms possessing many diverse kinds of cells, 
cell structure—like cell chemistry—must develop; it cannot—except to a limited 
degree—be directly transmitted. If cytoplasmic structural organization ever re- 
produces itself in higher organisms, it would probably be confined to elementary 
units of cytoplasmic organization. In this connection, biologists will think of 
plastids, microsomes, the endoplasmic reticulum, and mitochondria. But as 
Weiss” has pointed out, this vital aspect of cell differentiation—the translation of 
chemistry into morphology—has scarcely been touched experimentally in higher 
organisms. 


SUMMARY AND CONCLUSIONS 


Now, at the end, what is the upshot of it all? We have come a long way from the 
hypothesis that nuclei are functionally equivalent in all cells of the body. They 
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certainly are not, even though they still appear to contain the same set of genes. 
Nuclei and chromosomes are chemically and visibly different in different cells of the 
body. These differences may be indicative of differential activity. That is most 
clearly indicated by the remarkable interactions between adjacent segments of a 
chromosome, one controlling the activity of the other, so that a given gene’s action 
is expressed in some cells, not in others. 

Basically the same phenomena appear to occur also in unicellular organisms. 
In them we learn something about the causes and consequences of the nuclear 
changes, the location of the changes, and the mechanisms involved. The nuclei 
control—through their action on the cytoplasm—changes in themselves. These 
nuclear changes can be either relatively stable or labile, in different cases. But in 
the known eases, the changes appear usually to be of a limiting sort, inhibiting the 
activity of one or more genes. The same gene may exist and reproduce in two 
forms, one active and one inactive. The state of activity or inactivity of a gene 
may be controlled by an adjacent gene which operates to create in the cytoplasm or 
at the chromosome a specific inhibitor. In some cases the inhibition can be re- 
versed, in other cases apparently not. 

There is thus, in general, a marvelous system of give and take among certain genes 
and between genes and the cytoplasm. Some—probably most—of the genes may 
well be acting all the time; but others—perhaps just those responsible for cellular 
differentiation—have their activity limited by substances which are formed by the 
action of controlling genes. This dynamic interplay or feed-back indicates that the 
progressive differentiation of cells during development is based upon decisive changes 
in the nuclei brought about indirectly through the cytoplasm and otherwise by the 
prior activity of the nuclei themselves. 

How the chemical activities of genes are translated into the structure of cells and 
particularly into structural differences between cells are still largely obscure prob- 
lems. The direct or indirect products of gene activity can be organized in different 
ways by different local chémical conditions. In unicellular organisms, pre-existing 
structure in the cytoplasm determines that the gene products will be organized in 
the same way. But how different structures develop in diverse cells of a multi- 
cellular organism remains unknown. 

All in all there are three main features of the current revolution in the study of 
cellular differentiation. First, through feed-back mechanisms, it gives to the 
nucleus, to the chromosomes and genes, a differentially decisive role. Second, it 
indicates strongly that more goes on in the chromosome than mere exact reproduc- 
tion and uniform action of an invariant set of genes. Third, it uses the combined 
forces of embryology, genetics, cytology, microbiology, biophysics, and biochemistry 
to attack the basic problems. Small but promising beginnings of an understanding 
of the mechanisms of gene action in cellular differentiation are already at hand on 
the molecular level of analysis. 


* The work of the author is supported by grants from the Rockefeller Foundation; the American 
Cancer Society, (E80 and E81B); and the Atomic Energy Commission, -AT 11(1)235. 
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SOLAR FEATURES ASSOCIATED WITH ELLERMAN’S “SOLAR 
HYDROGEN BOMBS” 


By Rogpert R. McMatu, Orren C. MOHLER, AND HELEN W. Dopson 
THE MCMATH-HULBERT OBSERVATORY, UNIVERSITY OF MICHIGAN 
Communicated December 26, 1959 


In 1917, I’. Ellerman!’ published a description of a phenomenon in the spectrum 
of the sun that has become a definition of a noteworthy type of solar disturbance. 
The “‘solar hydrogen bomb,” according to Ellerman, is characterized by the tran- 
sient appearance in the solar spectrum of an extremely thin band of brilliant emis- 
sion, extending from 4 to 15 angstroms on either side of Ha (6562.8A), but not 
crossing the absorption line. The emission streak may be either symmetrical with 
respect to the central absorption line, or it may have greater extension, and be 
brighter, on the violet side than on the red. Hence, any filter capable of isolating 
a band in the spectrum, about one angstrom wide or less, and of shifting this band 
from one angstrom on the violet side to one angstrom on the red side of the Ha 
line, can be used for the unambiguous detection of “bombs” on the sun. These 
objects have been observed at the McMath-Hulbert Observatory for a number of 
years in the hope that they might be useful in an attempt to predict the times of 
occurrence and the positions of flares on the sun. The hope that the “bombs” 
would invariably indicate the imminent outbreak of a solar flare has vanished, but 
the observation of these features on the sun has established the connection of the 
spectroscopic “bomb” with structures in the solar atmosphere that may be sig- 
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nificant elements in the growth and development of sum spots. This report will 
describe some of the observed results with regard to sizes, life times, and location 
on the solar disk of the structures that produce the “bomb” spectrum. 

History.—The spectral appearance of what was later to be called “solar hydro- 
gen bomb’’ was first described by W. M. Mitchell? 50 years ago. The spectro- 
scopic phenomenon has been independently discovered on at least two separate 
occasions: first, by F. Ellerman in 1915,' and again by A. B. Severny? in 1955. 
With full acknowledgment to the earlier publication by Mitchell, Ellerman added 
so much new information to what was known that his report is generally accepted 
by astronomers as the type description of “solar hydrogen bombs.” However, 
Ellerman’s publication was apparently overlooked by Severny, who renamed the 
spectroscopic phenomenon “Ycst’’ often translated as “mustaches.” 

The objects on the sun that give rise to spectroscopic ‘bombs’ seem to have 
been first photographed directly by B. Lyot‘ in 1942. Lyot found a large number 
of small, bright, circular areas in the close neighborhood of sun spots on photographs 
made with the aid of the monochromatic filter developed by him. As the effective 
wavelength of the light transmitted by the filter was decreased to about one Ang- 
strom short of the center of the Ha (6562.8A) absorption line of hydrogen, some of 
the bright points disappeared, but others became more brilliant. Comparison of 
Lyot’s description of the ‘“‘petit point’’ as seen on the solar disk and the description 
by Ellerman of the spectroscopic “solar hydrogen bomb” makes it almost certain 
that the two publications refer to the same solar feature. It only remained to place 
one of the ‘‘petits points” on the slit of a powerful spectrograph to make the identity 
quite certain. 

Spectroscopic observations of the “solar hydrogen bombs’’ was first attempted 
at the McMath-Hulbert Observatory in the spring and summer of 1955 during 
the construction and installation of the vacuum spectrograph® in the McGregor 
solar tower telescope. In these months the priority of other observing programs 
prevented the use of the vacuum spectrograph for the study of ‘‘bombs”’ under condi- 
tions of best astronomical seeing. Nevertheless, “bombs” were detected and photo- 
graphed on several occasions. Visual observations were continued throughout 1956 
and the first successful photograph of a “solar hydrogen bomb” from a “‘petit point” 
was accomplished, more or less accidentally, in the early spring of 1957. Observa- 
tions were continued, and by June, 1957, it was certain that light from the “petits 
points,’ which were easily observable through the Lyot filter, used as a guiding ac- 
cessory for the vacuum spectrograph,’ produced “hydrogen bombs” in the solar 
spectrum. From this time onward, since a method of finding and guiding had been 
discovered, the systematic photography of ‘‘bombs” could be attempted. 

It had also been demonstrated by mid-summer, 1957, that ‘“‘points” identical 
with those visible through the Lyot filter could be photographed with the MeMath- 
Hulbert 50-ft. solar spectroheliograph.’ 


APPARATUS AND METHODS 


The Lyot Filter and the Vacuum Spectrograph.—The Lyot filter in the McGregor 
solar tower has been used for the study of “bombs” at the McMath-Hulbert Ob- 
servatory in the following manner. When installed in position for use as a guiding 
device, the Lyot filter receives light reflected from the polished jaws of the entrance 
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slit for the monochromator of the vacuum spectrograph. The reflecting area of 
the jaws corresponds to a field of view 3.8 by 5 minutes of arc in size, and the solar 
disk is examined area by area for the presence of “bombs.’”’ When the Lyot filter 
is adjusted to transmit a band of the spectrum less than an angstrom in width, with 
the band centered about */, angstrom on either the short (6562.1A) or the long 
(6563.6A) wavelength side of the Ha (6562.8A) line, small, starlike, bright areas 
can be seen. These minute bright areas are not visible with the Lyot filter passing 
light from the center of the Ha absorption line. Once one of the small bright areas 
has been found, it can easily be placed on the slit of the spectrograph by means of 
the guiding controls of the telescope so that its spectrum can be seen or photo- 
graphed with the vacuum spectroscope. At the same time, observers in the 50-ft. 
solar tower can be informed of the position of the “bomb” and it can be observed 
concurrently with the 50-ft. tower spectroheliograph. 

Observations with the 50-ft. Tower Spectroheliograph—The 50-ft. tower spectro- 
heliograph’ is adjusted for the observation of “bombs” in two different ways. 
Observations at Ha are made with slit widths corresponding to a spectral band 
0.36A wide. Observations at the Call, K-line, (3933.7A), are made with the spec- 
tral band ,0.18A wide. The band width at Ha is equivalent to a range of 16 km 
per second. The ‘bombs’ are recorded in a series of spectroheliograms, made with 
systematic changes of wavelength through a range of 6 Angstroms centered on 
Ha and 3 Angstroms centered on the K-line of Ca. In general, the ‘‘bombs” so 
recorded are well-defined and conspicuous on spectroheliograms made with light 
from the violet side of the line center; inconspicuous or absent in the light from the 
center of the line; and visible, but not conspicuous, with light from the redward 
side of the line. Simultaneous observations at the McGregor vacuum spectrograph 
and the 50-ft. solar tower spectroheliograph have established the identity of the 
solar “bombs” observed with the two instruments. 

It quickly became evident from the spectroheliographic observations that the 
“bombs” could be observed much more easily in the neighborhood of the K-line 
of calcium than on the edges of the Ha line. The main reason for this difference 
in the ease of observation is the much lower inherent contrast of the “bomb” at Ha. 
The maximum ratio of the brightness of a“bomb”’ to the normal spectrum at the 
same wavelength near Ha is approximately 1.3, but for the ‘“‘ bombs’ observed near 
the K-line the ratio of the brightness of the ‘‘bomb”’ to the brightness of the normal 
spectrum at the same point is normally 3 or 4, and in several cases has reached 10. 
Thus, although these obiects are exceedingly small, they can be photographed on 
the violet side of the K-line of calcium with relative ease when the astronomical 
seeing is average or poorer than average. Under such adverse conditions, the photo- 
graphic images of ‘“‘bombs”’ are large. Their size is determined entirely by the blur- 
ring of the image as it is moved by the seeing. 

CONCLUSIONS 

General.—From 1955 through 1959, records of ‘‘bombs” have been made simul- 
taneously through the Lyot filter, the vacuum spectrograph, and with the 50-ft. 
tower spectroheliograph. <A fair-sized body of observations has accumulated and 
is now being studied. Although surprisingly few completely general conclusions can 
be drawn from these data, there are a few noteworthy regularities. 
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It can be stated with confidence that, according to our records, the ‘‘bombs”’ 
are not precursors of solar flares. They do not indicate the exact positions where 
flares will break out, nor are they indicators of the positions where flares will not oc- 
cur. Association of the “bombs” with the positions and times of occurrence of 
flares seems to be one of chance. 

The identification of Ellerman’s ‘‘bombs” with Lyot’s “‘petits points” is incon- 
trovertible and complete. Every ‘‘bomb” spectrum at Ha that has been observed 
with the vacuum spectrograph has had a ‘‘petit point’’ as its source when a simul- 
taneous observation was made through the Lyot filter. The converse is also true. 
Every “‘point”’ observed through the Lyot filter has shown an accompanying ‘‘bomb”’ 
spectrum in the vacuum spectrograph. 

However, the series of spectroheliograms, particularly those made in the wings 
of the K-line, reveal many off-line features that are not “bombs.’”’ These features 
that do not satisfy the Ellerman description with any exactness, and that do not 
correspond to the Lyot “points,” are now under study at the McMath-Hulbert 
Observatory, but will not be discussed further in this report. 

Size.—Ellerman’s type description of “bombs” says “there are two conditions 
essential for observations—good seeing and a large solar image—as the area of the 
phenomenon, even with a 16-inch image of the sun at the 150-ft. tower telescope, 
is so small that only with difficulty is the point of disturbance kept on the slit.” 
The MecMath-Hulbert Observatory observations indicate that Ellerman’s state- 
ment holds exactly for the Ha phenomenon, but, because of the increased contrast 
of the “bombs” when observed in the K-line of calcium, these features can be photo- 
graphed with relatively small solar images and under ordinary conditions of seeing. 
It is quite possible that Ellerman’s statement of the stringent conditions necessary 
for the successful observation of the “bombs” has delayed study of these important 
objects. 

With the Lyot filter and the vacuum spectrograph in the McGregor tower tele- 
scope, the size of the area producing a “bomb”’ can be directly estimated with pre- 
cision during optical observation of the object on the reflecting slit jaws used with 
the vacuum spectrograph. The width of the slit formed by the reflecting jaws is 
equivalent to 5 seconds of are on the solar image. No object observed in connec- 
tion with this investigation has had a diameter as large as this. There are also 
available, for estimation of sizes in the field of view of the Lyot filter, two wires that 
are seen as black lines having widths of 0.6 of a second of are. The diameters 
of the largest ‘‘bombs” are slightly greater than the widths of the wires; of the small- 
est, less than the widths of the wires. These estimates, and measurements of the 
widths of the emission streaks in the spectra, place the diameters of the “bombs” 
in the range 5 seconds to 0.4 of a second of are. The lower limit to the observable 
size is the telescopic resolving power at Ha. 

The Disiribution of the “Bombs” on the Sun.—‘‘Bombs”’ occur most frequently 
near the outer edges of the penumbrae of large spots. Next most frequently they 
are found within the inter-spot areas, possibly near the penumbrae of small spots. 
Bombs rarely occur in plages that are apparently free from spots. Only two among 
several hundreds have been detected in spot-free plages. Under ordinary condi- 
tions these objectscan always be photographed in fair numbers. When conditions are 
unusually good, dozens may be visible on the solar disk at any given time. Lyot 
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reported the formation of more than 17 of these objects within an hour in the neigh- 
borhood of a growing group of spots.‘ There is indication that “bombs” are most 
likely to break out near a spot during the early and middle phases of the spot’s life. 

Lifetime of the ‘“‘Bombs’’.—An idealized “bomb” brightens rapidly and fades 
slowly, the entire event running its course in about ten minutes. The minimum 
observed duration is 4.4 minutes, but some objects have endured for hours. Rep- 
etition of the disturbance in exactly the same location is rather common, but rep- 
etitive outbursts are not so frequent as new outbreaks. 

“Spectra of the Bombs’’.—The phenomenon is defined spectroscopically by the 
two bright streaks that extend along the spectrum from the Ha and K-lines, but 
which are present with only extremely low contrast in the center of these lines. 
In many cases the bright streaks become brighter near the edges of the parent ab- 
sorption line. In most ‘bombs’ the violet extension of the bright streaks is more 
intense than the red. 

There is very little that can be added to the original description by Ellerman 
of the spectra of these objects. There are a few “pathological” cases in which the 
streak on the red side of the line is the brighter, or in which only one of the streaks 
appears. These cases are rare and will require separate discussion. In most of the 
spectra that we have obtained at the McMath-Hulbert Observatory there is fre- 
quent evidence that the “bomb” phenomenon is almost inextricably involved with 
the motions of small dark flocculi. The evidence for the importance of the dark 
filaments in the bomb phenomenon comes not only from the spectra, but also with 
perhaps even greater force from the spectroheliograms made with the 50-ft. tower 
spectroheliograph. 

The “bomb” phenomenon has been recorded by other observers in the wings of 
many of the strong absorption lines of the solar spectrum." * The present ob- 
servations confirm this fact and indeed suggest that most of the strong absorption 
lines in the solar spectrum exhibit, in varying degrees of contrast, the flanking 
bright streaks that are the characteristic of this solar feature. 

According to the present study the ‘‘bombs’’ have such general occurrence in the 
neighborhood of sun spots that they should be recognized as distinctive aspects of 
the growth and development of the active centers on the solar disk. 
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STUDIES ON S—RNA SYNTHESIS,I. PURIFICATION AND GENERAL 
CHARACTERISTICS OF THE RNA-ENZYME COMPLEX 


By E. 8S. CANELLAKIS* AND Epwarp HERBERT 


DEPARTMENT OF PHARMACOLOGY, YALE UNIVERSITY MEDICAL SCHOOL, AND DEPARTMENT OF 
BIOLOGY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY 


Communicated by David M. Bonner, December 24, 1959 


The study of an enzymatic synthesis involves an assay in which the amount of a 
well-defined end product is measured. Such an assay has not been attained in 
the study of nucleic acid synthesis because the usual approach consists of a meas- 
urement of the incorporation of a radioactive precursor into polymers in a non- 
defined sequence or of the net synthesis of polymers of indeterminate sequence and 
function. A study of the mechanism of synthesis of ribonucleic acid (RNA) by 
the soluble cytoplasmic fraction of rat liver cireumvents some of these difficulties 
because this enzyme system attaches ribonucleotides into preformed RNA mole- 
cules (S-RNA) ina specific sequence. Accordingly, this preparation affords a means 
of studying the mechanism of synthesis of at least a portion of a specific RNA mole- 
cule, and thus the problem of RNA synthesis becomes susceptible to a more rigorous 
approach than by the assays described above!. 

It was originally found? that a species of RNA exists in rat liver homogenates in 
which the adenylic acid is adjacent to cytidylic acid. Subsequent work suggested* 
that A-C-X-RNA is the terminal sequence of at least one polyribonucleotide in the 


S-RNA population, in which A is adenylic acid, C is cytidylic acid and X an un- 
identified ribonucleotide; however, this terminal sequence was later modified 
to include another cytidylic acid, forming the sequence A-C-C-X-RNA‘. 
In addition, this S-RNA has been shown to bind amino acids by forming an ester 
bond between the carboxyl group of the amino acid and the 2’- or the 3’-hydroxyl 


- 


group of the terminal adenylic acid in the RNA® ® 7. It is presumed that this 
amino acid-S-RNA complex participates in the reactions leading to protein syn- 
thesis. 

Similar soluble cytoplasmic fractions of rat liver have been shown to incorporate 
ribonucleotides of uracil®: * and of guanine* into RNA. More recently, through the 
use of rat liver homogenates from which the nuclei had been separated, the sequence 
G-U-U-X-RNA has been suggested as a terminal sequence of certain S-RNA poly- 
ribonucleotides®, in which G is guanylic acid and U is uridylic acid, X being the un- 
known fourth ribonucleotide. 

Because of the large number of reactions which occur in cellular fractions such as 
those described above, it was considered that complete elucidation of the function 
and the mechanism of synthesis of the ribonucleotide sequence in S-RNA would 
depend upon the purification of the enzyme systems involved. We have pursued 
this problem and have been able to purify the enzymes several hundredfold by the 
use of mild fractionation procedures widely used in enzyme chemistry. These 
methods have permitted the isolation of at least three distinct ribonucleoprotein 
fractions from the soluble cytoplasm of rat liver. Two of these ribonucleoprotein 
fractions incorporate C'4 -ATP and C'4 -CTP into ribonucleic acid. After alkaline 
hydrolysis of the labeled RNA, the radioactivity incorporated with C'4-ATP as the 
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precursor can be isolated as C'*-adenosine; the radioactivity incorporated with C'* 
-CTP as the precursor can be isolated as C' -cytidine. Therefore, in both in- 
stances terminal ribonucleotide incorporation has occurred, similar to that pre- 
viously described. Experiments with this enzyme complex indicate (1) that 
additional types of S-RNA molecules must exist besides those referred to above, (2) 
that pyrophosphate causes a stimulation of incorporation of C'* -CTP into S-RNA, 
and (3) that the reaction of ribonucleoside triphosphate incorporation into S-RNA 


is probably reversible. 

Further fractionation of this enzymatically active ribonucleoprotein complex has 
resulted in the isolation of a protein-rich component and of a RNA-rich com- 
ponent. Neither of these components when incubated alone with C'4-ATP or with 
C'4 CTP is capable of incorporating the corresponding monophosphates into RNA. 
However, when these two fractions are recombined, complete recovery of the 
original enzyme activity is obtained. Using the incorporation of C'* -ATP into 
RNA as an assay system, an attempt has been made to evaluate the effects, of 
phenol extraction and alcohol precipitation of S-RNA, on the biological activity of 
this material in the reaction under study. 

Materials and Methods.—-The C4 -ribonucleoside triphosphates used in these ex- 
periments have been prepared by previously published methods" and by methods 
to be described in detail.!! The preparation and isolation of the enzymatically 
active fractions from rat liver homogenates are based on modifications of already 
described procedures.'®? Because of the extensive methodology, a separate 
manuscript detailing the methods of enzyme fractionation is being prepared for 
publication". 

Results. —Enzymatic activity of the three ribonucleoprotein fractions: Three ribonu- 
cleoprotein fractions, designated Ribonucleoproteins a, 8, and y, have been isolated 
from the soluble cytoplasmic fraction of rat liver (Table 1). The a-component can 


TABLE 1 
ENzyMatic AcTIVITY OF RIBONUCLEOPROTEINS a, 8, AND 7 
Fraction of the 
Incorporation of Radioactivity into RNA Total RNA Present 
in the Prese nee of in the Soluble 
Cu-ATP, epm 4-CTP, epm Cytoplasm, Per Cent 


Ribonucleoprotein @ 22 42 10 
Ribonucleoprotein 8 145 280 20 
Ribonucleoprotein 4 65 150 15-20 
The composition of the incubation medium was 0.002 M MgCl, 30,000 epm of C'*-CTP (1.2 X 106 cpm zmole), 
20,000 cpm of C'*-ATP (0.8 X 106 epm umole), 3.5 O. D. units (: 260 mu) of the corresponding ribonucleor rotein ina 
final volume of 1.0 ml of 0.08 M potassium phosphate buffer, pH 7.2. Incubation time was 10 min at 37°. The 
extraction and counting of the RNA was done by standard procedures.” 


be easily fractionated from the other two, whereas appreciable contamination of the 
B- and y- components with each other occurs. As indicated in Table 1, the fraec- 
tions with the greatest activity are the Ribonucleoproteins 8 and y. All subsequent 
experiments have been performed with a combination of Ribonucleoproteins 8 and 
y after purification to an Exeo : Esso ratio of 1.7-1.9. 

Distribution of the radioactivity incorporated into RNA: After incubation of the 
Ribonucleoproteins 6 and y with C't-ATP, with C'*-CTP, and with C' -CTP plus 
nonradioactive ATP, the acid -insoluble radioactive RNA was subjected to alkaline 
hydrolysis. It was found that, in the first two cases, over 90 per cent of the radio- 
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activity was accounted for as the corresponding radioactive ribonucleoside, indicat- 
ing that predominantly terminal nucleotide incorporation had occurred. The 
addition of nonradioactive ATP to the incubation mixture containing C!* -CTP 
caused a change in the distribution of radioactivity liberated after alkaline hydroly- 
sis of the RNA. Under these conditions 33 per cent of the radioactivity could now 
be accounted for as cytidine and 66 per cent of the radioactivity as 2’, 3’ cytidylic 
acid, indicating that ATP had attached to 66 per cent of the RNA which contained 
terminal C'*-CMP. 

The fact that ATP did not attach to all the terminal cytidylic acid residues does 
not appear to be due to an equilibrium reaction, because although the ribonucleo- 
protein preparation is considerably purified, it contains sufficient pyrophosphatase 
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+. 1.—Effect of pyrophosphate on the incorporation of C'4-ATP and C'4-CTP. The 
experimental conditions are the same as those described under Table 1. 





activity to degrade 0.08 wmoles of pyrophosphate during the standard 10-minute in- 
cubation period used in these experiments. Since the amount of ribonucleotide in- 
corporated is in the order of 0.0005 umoles, any pyrophosphate formed as a product 
of the reaction would be degraded. Therefore, in this preparation and under the 
conditions of assay, the incorporation of ribonucleotides from ribonucleoside tri- 
phosphates is probably an irreversible reaction, since any free pyrophosphate formed 
could not accumulate and reverse the reaction. Therefore, these results suggest 
that in addition to the S-RNA ending in adenylic acid, i.e., A-C-C-X-RNA, another 
S-RNA species must exist which ends in a cytidylic acid, i.e., C-X-RNA. This 
species of S-RNA cannot accept adenylic acid. 

Effect of Mg*+* and pyrophosphate: The incorporation reaction is completely 
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dependent upon the presence of Mg++; thus, incorporation does not occur in the 
absence of Mg++, whereas maximal incorporation occurs at 2 umoles of Mg*t* per 
ml. Addition of small amounts of inorganic pyrophosphate (Fig. 1) results in a 
marked stimulation of incorporation of C'4-CTP, but has no effect upon the incor- 
poration of C'*-ATP. Higher than optimal concentrations of pyrophosphate re- 
sult in a marked inhibition of incorporation in the presence of either radioactive 
ribonucleoside triphosphate. When the concentration of C'* -CTP is raised over a 
fivefold range, no change in the level of incorporation occurs, either in the presence 
or absence of pyrophosphate, a circumstance which indicates that the level of C' 
-CTP is not a limiting factor. When the Mg*+* concentration is raised from 2.0 to 
5.0 uymoles per ml, the maximal stimulation of C'* -CTP incorporation occurs at a 
pyrophosphate level of 2.5 umoles per ml (results not shown); this finding indicates 
that the stimulatory effect of pyrophosphate occurs when its concentration is 1/2 
that of Mg**. 

The pyrophosphate effect does not require the concurrent presence of ribonucleo- 
side triphosphate and Mg++. This was shown by pretreating the ribonucleoprotein 
with Mg++ and pyrophosphate alone. The incubation mixture was then dialyzed 
and incubated with C'4 -ATP or with C'4-CTP. The incorporation of C'* -CTP 


TABLE 2 
PyYROPHOSPHOROLYsSIS OF S-RNA IN THE PRESENCE OF P*?-PYROPHOSPHATE 
Radioactivity Recovered in the Ribonucleoside Triphosphates, epm. 
ATP CTP UTP GTP 
Experiment 1 <50 420 <50 <50 
Experiment 2 1245 7800 <50 <50 
Experiment 2a 6450 9100 <50 <50 
Experiment 3 7000 2600 1350 850 
The basic incubation mixture contained 2 umoles of MgCle, 1 umole of P**-pyrophosphate (10 10° epm/pmole) 
and the enzyme in 1 ml of 0.08 M K phosphate buffer. In addition, Experiment 2a (control of Experiment 2) 
contained 0.02 nmoles of nonradioactive ATP and CTP, whereas Experiment 3 contained 0.02 umoles of non- 
radioactive CTP, UTP, and GTP. The differences obtained in the labeling of the ATP and the CTP of Experi- 
ments 2 and 2a may be attributed to the action of phosphatases, as suggested in the text. 


was enhanced, as compared to the control carried out in the absence of added pyro- 
phosphate, whereas the incorporation of C't -ATP remained the same. This ab- 
sence of a pyrophosphate effect on C'4 -ATP incorporation is difficult to explain in 
the light of the published experiments‘. 

Reversal of the reaction with P*®*-pyrophosphate:—Incubation of the Ribonucleopro- 
teins 8 and y with 2 umoles of Mgt* and 1 umole of P** -pyrophosphate per ml re- 
sults (Table 2, Experiment 1) in the appearance of P*? -CTP, or P*?-ATP and P*? 
-CTP (Table 2, Experiment 2) in the incubation medium. Qualitatively, these 
results indicate that pyrophosphorolysis of RNA occurs resulting in the liberation of 
P3?-ATP and P*?-CTP. Because of the small amounts of ribonucleoside triphos- 
phate likely to be liberated under these conditions in these reactions, any quantifica- 
tion of these results would be subject to considerable error if specific phosphatases 
are present in the incubation medium. That such a possibility exists is demon- 
strated (Table 2, Experiment 2a) when small amounts of nonradioactive ATP and 
CTP are also included in the incubation mixture of a duplicate sample (compare to 
Table 2, Experiment 2). 

In order to minimize the effect of such degradative reactions on the ribonucleoside 
triphosphates formed by pyrophosphorolysis of the RNA, we have repeated the 
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above experiments adding to the incubation mixture small amounts of non- 
radioactive ribonucleoside triphosphates of adenosine, cytidine, uridine, and 
guanosine (Table 2, Experiment 3) to act as traps for any nucleoside triphosphates 
liberated. These data suggest (1) that the incorporation of all four ribonucleo- 
tides into the S-RNA complex is reversible and (2) that the extent of pyrophos- 
phorolysis of the various nucleotides appears to be proportional to their capacity to 
be incorporated.‘ The experimental evidence therefore suggests that the following 
reaction is reversible: 


XTP + S-RNA XMP-S-RNA + P-P 


(where, XTP is the ribonucleoside triphosphate of adenine, cytidine, uracil, or 
guanine). In the light of these results, we suggest the following tentative explana- 
tion of the activation of C'4-CTP incorporation into S-RNA. 

Assuming the A-C-C-X-RNA to be one sequence, the following are some of the 
incomplete forms of this sequence that could be present in the incubation mixture. 
These alterations of the A-C-C-X-RNA will presumably have occurred through 
degradative or other reactions. 

aa-A-C-C-X-RNA (1) aa = amino acid 
A-C-C-X-RNA (II) 
C-C-X-RNA_ (III) 
C-X-RNA (IV) 
X-RNA (V) 


Since both adenylic acid and cytidylic acid are incorporated as terminal nucleo- 
tides, the minimum number of sequences present must be two, corresponding to 
terminal sequences III and IV or III and V. Of course, the presence of terminal 
S-RNA sequences other than these cannot be excluded as, for instance, the C-X- 
RNA referred to previously, which differs from IV in that it cannot accept a cytidy- 
lie acid and an adenylic acid; or the G-U-U-X-RNA sequence mentioned earlier. 

The particular concentration of pyrophosphate and Mg** used permits the reac- 
tion designated above to occur in a reversible manner. In the absence of pyrophos- 
phate, a terminal sequence like C-C-X-RNA (III) could not accept C!4 -CTP but 
only C'*-ATP. The presence of pyrophosphate now permits equilibration of the 
two terminal CMP residues with the C'* -CTP in the medium, resulting in a 
greater incorporation of C'* -CMP than that incorporated in the absence of pyro- 
phosphate, but not in a net increase in the total number of cytidylic acid residues 
attached to the S-RNA III. A similar explanation would apply for S-RNA IV 
but not forS-RNA V. This is a tentative conclusion, since we have not shown that 
pyrophosphorolysis results in the removal of the same nucleotide that was incorpo- 
rated. It is conceivable that the nucleotides which are pyrophosphorylyzed are 
different from those that are incorporated. With our present data we cannot ex- 
plain the absence of a pyrophosphate effect (at low pyrophosphate levels) on the in- 
corporation of C'4-ATP in view of the formation of P*-ATP from S-RNA in the 
presence of P*? -pyrophosphate. This aspect of the problem will be dealt with in 
more detail at a later time. 

Separation of Ribonucleoproteins 8 and y into the RNA and the protein components 
and properties of these components: Mild fractionation procedures of the enzymati- 
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Fic. 2.—Recombination of RNA and protein. The effect of increas- 
ing the concentrations of the RNA component obtained by fraction- 
ation of the Ribonucleoproteins 8 and y, on the incorporation of C*-ATP 
and on the incorporation of C'*-CTP into the RNA. The protein com- 
ponent is maintained constant. The conditions of incubation are the 


same as those described under Table 1. 


cally active ribonucleoproteins has resulted in the separation of a predominantly 
protein component (Ego : Exge = 0.65 to 0.70) and a predominatly ribonucleic acid 
component (Keg : Exs9 = 2.02 to 2.10). From the method of preparation it may be 
concluded that these two components are free of each other but due to the small 
amounts of material available we have not attempted to perform nucleic acid and 


protein analyses respectively on these components. 
Assay of these components gives the results presented in Table 3. These results 
show that incubation of the protein or of the RNA components alone in the pres- 


TABLE 3 
ENzyMatTic ACTIVITY OF THE PROTEIN AND THE RNA CoMPONENTS OF 
RIBONUCLEOPROTEINS 6 AND 7 
Incorporation of Radioactivity in the Presence of: 
Additions C14-ATP, epm C1-CTP, epm 

‘“‘Protein’’ component 9 12 
“RNA’’ component 4 16 
“Protein’’ component plus 

“RNA’”’ component 95 190 
Unfractionated ribonucleo- 

proteins 6 and 4 101 192 


The experimental conditions were the same as those described under Table 1. 
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Fic. 3.—The effect of phenol extraction and of ethanol precipitation on 
S-RNA, as measured by its ability to incorporate C'*-ATP. Curve C, in- 
corporation obtained when the unfractionated ribonucleoproteins 8 and y are 
used for incubation. Curve A, incorporation obtained when the recombined 
protein and RNA components from C are used for the incubation. The pro- 
tein component is maintained constant and the native RNA component va- 
ried. Curves B, D, E, the same amount of protein component as in Curve A 
used for incubation. Curve B, incorporation obtained when the native 
RNA used in Curve A is precipitated with 2.5 volumes of 95% ethanol and 
dialyzed prior to incubation. Curve D, incorporation obtained when the 
native RNA component used in Curve A is extracted with phenol, precipi- 
tated with 95% ethanol and dialyzed before incubation. Curve E, incorpor- 
ation obtained when the S-RNA obtained by phenol extraction of the pH 5 
fraction is precipitated with 95% ethanol, and then dialyzed before incuba- 
tion. Further details in the text. Incubation conditions as in the legend 
of Table 1. 











ence of C'4-ATP or in the presence of C'4 -CTP does not result in incorporation. 
When the protein and the RNA fractions are mixed, incorporation of radioactivity 
into the RNA occurs both in the presence of C'4-ATP and of C'*-CTP. This in- 
corporation is equivalent to that obtained with the unfractionated Ribonucleopro- 
teins 8 and 7 when assayed under similar conditions of incubation. 

The effect of varying the amount of RNA at a constant level of protein is shown in 
Figure 2. These results demonstrate that the degree of labeling of the RNA in the 
presence of C'4-ATP increases with the amount of RNA added up to a certain level 
and then reaches a plateau. In contrast to this, the incorporation of C'4-CMP into 
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the RNA in the presence of C'*-CTP increases up to the highest level of RNA tested, 
which is 14 Ego units (approx. 500 y). These results may be subject to a variety of 
explanations, but final interpretation will have to await further experimentation. 

Effect of alcohol precipitation and phenol extraction on the activity of RNA: Phenol 
has been widely used for the extraction of RNA with the presumption that it does 
not significantly alter the biological properties of either the tobacco mosaic virus 
RNA or of the S-RNA; also, ethanol precipitation is a commonly used method for 
the isolation of RNA. We have used these forms of treatment on the biologically 
active RNA which we have separated from the protein component and on the pH 5 
fraction of rat liver. (Ribonucleoproteins 8 and y constitute 80 per cent of the total 
RNA of the pH 5 fraction.) It is possible that an inhibition could be due to re- 
sidual unextracted phenol in the preparation, or due to the preferential extraction of 
an inactive species of RNA, or to other variables. We have attempted to minimize 
all such extraneous variables (a) by using freshly distilled phenol and extracting the 
RNA in the presence of EDTA, (6) by performing a thorough ether extraction, and 
(c) by dialyzing all preparations against buffer in the same flask and using this 
buffer to bring the incubation medium up to volume. The results presented in 
Figure 3 indicate that alcohol precipitation alone does not affect the activity of the 
native RNA. Phenol extraction of the native RNA results in the isolation of a 
preparation with decreased activity; while, phenol extraction of the total pH 5 
fraction results in the isolation of an RNA which is appreciably less active. Whether 
this is because of one of the variables mentioned above or because of an alteration in 
the configuration of RNA due to the phenol extraction will have to await further 
experimentation. 

Summary.—The enzyme fraction responsible for the incorporation of terminal 
nucleotides into the S-RNA has been extensively purified. Using this preparation 
_ it has been shown (1) that additional species of S-RNA probably exist besides those 

previously described, (2) that pyrophosphate causes a stimulation of incorporation 
of C'4-CTP into S-RNA, (3) that the reaction of ribonucleoside incorporation into 
S-RNA is probably reversible. 

Further fractionation of this enzyme fraction has resulted in the isolation of a 
predominantly protein component and a predominantly ribonucleic acid com- 
ponent. Each of these fractions is inactive when incubated alone; when incubated 
together full enzymatic activity is restored. Using the incorporation of C'4 -ATP 
into the RNA as an assay system, an attempt has been made to evaluate the effects 
of phenol extraction and of alcohol precipitation of S-RNA on the biological activity 
of this material. 
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Communicated by H. B. Vickery, December 14, 1959 


The present report describes experiments designed to define the factors which in 
mammals control the balance between enzymatic pathways that lead to the key 
pyrimidine intermediate, uridylic acid. At present two such pathways are rec- 
ognized; pyrimidine synthesis de novo through orotic acid and its ribonucleotide, 
orotidylic acid, and the utilization of preformed uracil or uridine. It was felt that 
adaptive changes similar to those seen in bacteria might be induced by feeding 
young rats large amounts of either uracil or orotic acid. The only report of a 
similar experiment is that of Standerfer and Handler,' who noted marked fatty in- 
filtration of the liver of weanling rats on inclusion of 1 per cent of orotic acid in a 
purified diet. This effect was not nullified by such lipotropic agents as choline, 
methionine, or vitamin By. Furthermore, neither uracil nor thymine induced the 
production of fatty livers nor did thymine prevent it when orotic acid was also 
included in the diet. Others have confirmed these findings,’ but little has been 
added to the understanding of the phenomenon. During an investigation of these 
matters, it was found that the addition of a small proportion of adenine to the 
purified diet containing orotic acid prevents the abnormal infiltration of fat into the 
livers of animals, and also reverses the effect after it has been established. Obser- 
vations on certain quantitative changes in pyrimidine metabolism coincident with 
the infiltration of fat have also been made. 

Methods and Materials.—Male albino rats of the Osborne-Mendel strain were 
weaned at 20-23 days and immediately placed on the experimental diets. Two 
basic diets were used in all experiments: a commercial dog chow meal’ and a puri- 
fied diet which contained vitamin-free casein (18.0%), sucrose (72.8%), corn oil 
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(2.0%), vitamin mixture‘ (2.2%), and salts® (5.0%). Choline chloride was added to 
the purified diet to give a final concentration of 0.3 per cent. To these diets the 
appropriate additions of orotic acid, adenine sulfate, etc., were made at the expense 
of all other ingredients. The animals were housed in suspended metal cages to 
minimize coprophagy, and were allowed food and water ad libitum. The animals 
were decapitated between 11:00 a.m. and 2:00 p.m. after at least 2 hours fasting so 
as to diminish the effects of diurnal variations. A small wedge of liver was re- 
moved for histological study, and the remainder was either frozen for subsequent 
analysis or used immediately for enzymatic studies. Slices (0.3 to 0.5 mm thick) 
were prepared free-hand® and kept in a petri dish moistened with cold Krebs III 
buffer? until used. Particle-free fractions were obtained by homogenizing the 
livers in 4 volumes of 0.25 M sucrose, the suspension being centrifuged for 1 hour at 
106,000 X g in a refrigerated Spinco centrifuge. The supernatant fluids were 
either used immediately, or were frozen for no more than 7 days before being tested. 
All reactions in which the evolution of radioactive carbon dioxide was measured 
were carried out in Warburg flasks as described elsewhere.’ The capacity to phos- 
phorylate uridine was tested as follows: 0.3 umole of uridine-5,6-H* (specific ac- 
tivity 1 X 10° epm/umole), 1.0 ml of incubation mixture® and 0.8 ml of the particle- 
free supernatant fraction (3 ml total volume) were incubated for 60 min at 37° in a 
Warburg flask. The reaction was stopped by addition of 0.3 ml of 6 N perchloric 
acid, and the supernatant material was assayed for uridine nucleotides by ion- 
exchange chromatography on Dowex-1 formate. 

Liver components were determined in the following manner. The livers were 
blotted and weighed, and the total fat was extracted with an alcohol-ether mixture, 
as described previously.! The weight of the dried defatted residue was determined, 
and 100 mg of it were treated three times at 0° with 5 ml of 5 per cent trichloroacetic 
acid to remove acid-soluble nucleotides. Glycogen was determined in this solution 
by the anthrone reaction.'° The residue was then treated twice at 90° with 5 ml 
of 5 per cent trichloroacetic acid. Aliquots of the combined hot trichloroacetic 
acid extracts were assayed for deoxyribose by the diphenylamine method" as a 
measure of DNA content. Another portion of the dried defatted residue was 
treated with cold trichloroacetic acid, centrifuged, and the residue subjected to 
alkaline hydrolysis.'2 An aliquot of this hydrolysate was used for the determina- 
tion of RNA by the orcinol method.'*? The protein content of the livers was deter- 
mined by Kjeldahl analysis of the dried defatted residue. Histological examina- 
tions were made on sections cut from specimens fixed in Bouin’s solution and stained 
with haematoxylin and eosin. 

Results —Although other investigators have reported the occurrence of fatty 
livers after feeding rats a purified diet containing 1 per cent of orotic acid for 28 
days,! the present studies show that the rate of lipid infiltration is rapid, and that 
within 7 days marked deposition of fat occurs. Subsequently only minor additional 
increases in the total fat content were observed. Because of this it was possible to 
limit the experimental dietary period to either 7 or 10 days at which time the fat 
content ranged from 17 to 20 per cent (Table 1; Fig 2). It is important to note 
that the animals receiving orotic acid continued to gain weight at the normal rate 
for at least two weeks, and that even after a prolonged period (up to 56 days), 
there was only a 20 per cent reduction in total body weight as compared with con- 
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trols. In the animals treated for 56 days, the only pathological changes noted were 
those in the liver in which the levels of fat ranged from 25 to 30 per cent of the wet 
weight; a survey of organ weights revealed no abnormality, and there was no evi- 
dence of the accumulation of fat in tissues other than the liver. Also, it has been 
found that fatty livers can be induced in rats of 150-170 gm by feeding them for 10 
days a purified diet containing 1 per cent of orotic acid. 

The most notable histological change in the livers of animals receiving orotic acid 
was a gross cellular enlargement accompanying the deposition of fat (Figures 1a, 
lb, le, 1d). The enlargement was sufficiently great to account for the increase in 
liver mass of orotic acid-treated animals without additional cell proliferation. 
Determinations of the mitotic indices of the parenchymal cell populations of the 
livers from animals ingesting either the purified diet or the purified diet containing 
orotic acid disclosed no significant difference. 

The intrahepatic distribution of fat in rats after 7 or 10 days on a purified diet 
containing orotic acid was essentially uniform, but at earlier stages, or when the 
ingestion of orotic acid was suspended and the liver had returned to an almost 


TABLE 1 


THe Errect oF Various Dietary SUPPLEMENTS UPON THE DEVELOP- 
MENT OF Farry Livers IN Rats Fep Aa Puririzp Diet ConTAINING 1% 
oF Orotic AcID 


: % fat in Number of 
Supplement liver animals 


None 16. 6 
Orotic acid omitted 5; 6 
5% dried spleen 10.: 
3% yeast RNA 4.§ 
36% casein 16. 

0.5% uracil + 0.5% eytosine 12:3 
0.5% guanine 13. 
0.5% hypoxanthine 10. 

0.5% xanthine 13.6 
0.25% adenine sulfate 4 4 


www bd bd bo 


Animals were fed the diets supplemented as above for a total of 7 days at which time the animals were sacrificed 
and the liver fat determined. 


normal appearance, the fat was localized mainly in the periportal areas. This 
pattern is frequently seen in fatty livers induced by a dietary deficiency, for example 
choline,'* and contrasts with the situation found in poisoning by carbon tetra- 
chloride in which central necrosis is the prominent feature." 

The level of fat in the liver was not increased when the animals were fed for 
28 days either the dog chow diet or dog chow supplemented with 1 per cent of 
orotic acid. However, these animals did gain weight faster than those on the 
purified diet. In an attempt to identify in the crude diet the factors which prevent 
the accumulation of fat, various supplements in addition to orotic acid were added 
to the purified diet. It was found that increasing the casein level to 36 per cent 
(at the expense of sucrose), increasing the vitamin levels to at least twice that 
ordinarily used, or supplementation of the diet with 5 per cent of yeast extract, 1 per 
cent of tryptophan, 1.4 per cent of histidine, or 0.25 per cent of cystine, had no 
effect upon the development of fatty livers. Since orotic acid is intimately involved 





Vou. 46, 1960 BIOCHEMISTRY: HANDSCHUMACHER ET AL. 181 


in the synthesis of nucleic acids, dried defatted spleen, which is rich in nucleic acid, 
was incorporated into the diet at the 5 per cent level; a slightly beneficial effect was 
noted. However, the addition to the diet of crude DNA from salmon sperm or 
RNA from yeast largely prevented the development of fatty livers. Accordingly, 
a mixture of adenine and guanine or of cytosine and uracil was tested. Since the 
mixture of purines was effective, they were tested separately and adenine was 


of 3 iat Se <> > j ’ . 

Fig. 1.—Photomicrographs of the livers of rats maintained on 
various dietary regimens: (1a) purified diet for 10 days (120); (1b) 
purified diet + 1 per cent of orotic acid for 4 days—early appearance 
of periportal fat (<7); (1c) purified diet + 1 per cent of orotic acid 
for 10 days—liver heavily infiltrated with fat, which has progressed 
from periportal to central regions of the lobules ( x 120); (1d) purified 
diet + 1 per cent of orotic acid + 0.25 per cent of adenine sulfate for 
10 days—prevention by adenine of marked fatty infiltration (x 120). 


shown to be the active component (Table 1). Not only did adenine completely 
prevent the accumulation of fat in livers, but also, after 7 days on the purified diet 
containing 1 per cent of orotic acid, the addition of 0.25 per cent of adenine sulfate 
resulted within 7 days in a return of the fat content of the liver to normal. 

Since adenine is known to give rise to a variety of pathological conditions 
as the result of deposition of crystals of 2,8-dihydroxyadenine in the kidney," 
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sections of kidneys from these animals were studied. Neither gross nor micro- 
scopic abnormalities were observed. Furthermore, the rate of gain in body weight 
during a 10-day period was not depressed. 

The effects of various dietary regimens upon the fat levels after 10 days are 
shown in Figure 2. The changes found in tissue constituents other than fat were 
not remarkable (Table 2; Fig. 2). The total content of DNA per liver was essen- 
tially constant under all experimental conditions for rats of equal age, a result 
which is compatible with the histological finding of increased cell size without 
change in total number of cells or mitotic index. The amount of RNA in the livers 
of animals which had received the purified diet or the purified diet plus orotic acid 
was significantly lower than that in the livers of rats fed a diet supplemented with 
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Fic. 2.—The weights, fat, and RNA levels of the livers of rats sacrificed after a period of ten 
days on the indicated diets. The vertical lines represent the standard errors of the means. 


adenine. Higher levels of RNA also were seen in the livers of animals fed dog chow 
either alone or supplemented with 1 per cent of orotic acid. It was also noted that 
the dry defatted residue expressed as a percentage of the wet weight of the liver 
was relatively constant, but the percentage of protein nitrogen declined after in- 
gestion of orotic acid. The glycogen levels were extremely variable and gave no 
indication of any relationship to the fat content of the liver. 

Certain enzymatic pathways of pyrimidine metabolism were also investigated. 
These included the conversion of orotic acid and uridine to uridine nucleotides, and 
the degradation of the pyrimidine rings of orotic acid and uracil to CO.. The rate of 
formation of uridylic acid from orotic acid was studied with both liver slices and the 
particle-free supernatant fraction of liver. The evolution of CO, from orotic 
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acid-7-C'4 afforded a convenient and rapid indication of this activity. Figure 3 
shows that there was only slight reduction of this activity in the slices from fatty 
livers, and no depression of decarboxylation was noted in the particle-free super- 
natant fraction from liver. However, the utilization of preformed pyrimidines, 
as measured by the conversion of uridine to uridine nucleotides, was reduced by 
50 per cent in the supernatant fractions from the livers of animals which had re- 
ceived orotic acid. It is important to note that neither the addition of adenine 
to the purified diet nor to a dog chow diet could prevent this suppression of uridine 
utilization (Table 3), despite the fact that such dietary supplementation prevented 
the accumulation of liver fat (Fig. 2). A measure of the rate of degradation of 


TABLE 2 
CYTOLOGICAL AND BIOCHEMICAL ANALYSES OF Rat LIVERS 
Dry defatted 
residue Nitrogen DNA Cells per Number 
(% of (% of dry phosphorus Mitotic high power of 
Diet wet weight) weight) (mg/liver) index field animals 
Purified diet 22.42+0.8 11.5+90.3 24+0.06. 1.720.% 25 
Purified diet + 
0.5% oroticacid 19.9+0.2 11.0+0.3 .45+0.06 1.220.6 2 10 
Purified diet + 1% 
orotic acid 22.441.3 9.8240.6 .26+0.11 1.620.7 2 13 
Dog chow 22.440.8 12.02+0.1 34+0.04 4.8208 : 10 
Dog chow + 1% 
orotic acid 22.1+0.8 11.640.2 1.48240.04 5.2+0.8 10 


Animals were fed the above diets for a period of 10 days before sacrifice. The results of the analyses are shown 
together with their standard errors. 


TABLE 3 
PHOSPHORYLATION OF URIDINE BY PARTICLE-FREE LIVER SUPERNATANT FRACTIONS 


: Percentage conversion of 
Diet uridine to uridine nucleotides 


Purified diet 24 (10) 
Purified diet + 0.5% orotic acid 15 (2) 
Purified diet + 1% orotic acid 13 (6) 
Purified diet + 1% orotic acid for 7 days and purified diet alone 

for 3 days 19 (4) 
Purified diet + 0.25% adenine sulfate 27 (4) 
Purified diet + 0.25% adenine sulfate + 1°; orotie acid 12 (4) 
Dog chow 26 = (4) 
Dog chow + 1% orotic acid 13. (4) 


Animals were fed the above diets for 10 days prior to sacrifice. The number of rats used for each determination 
is shown in parentheses. 


orotic acid and uracil by these livers was obtained by studying the capacity of 
slices to liberate C'O, from orotic acid-2-C'* and uracil-2-C'. Since these degrada- 
tions involve several enzymatic reactions, the technique only provides an indica- 
tion of the potential of these pathways. 

Although it might have been expected that marked increases in degradation of 
orotic acid would be noted in the livers from animals which had ingested large 
amounts of orotic acid, quite the opposite result was obtained (Fig. 3). The re- 
markable stimulation of this activity seen in animals 3 days after replacing the 
purified diet containing 1 per cent of orotic acid with purified diet alone, suggests a 
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marked overshoot in the return of this enzymatic pathway to normal levels. A 
depression in the degradation of uracil, which has been shown to follow similar 
enzymatic steps, was also noted by use of the same techniques, but the changes were 
not as marked as with orotic acid (Fig. 3). 

Discussion.—The development of fatty livers in rats has been demonstrated to 
occur after the administration of many toxic compounds (e.g., carbon tetrachloride), 
or when certain essential nutritional factors (e.g., choline) are lacking in the diet. 
Orotie acid, on the other hand, is a normal intermediate in the synthesis de novo 
of pyrimidines, and appears to be essentially non-toxic except for its profound effect 
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Fic. 3.—The liberation of radioactive carbon dioxide from various labeled pyrimidines by liver 
slices. Rats were ted the diets indicated above for a total of 10 days prior to sacrifice. Incuba- 
tions were performed as described under methods with approximately 100 mg of tissue in 3 ml of 
Krebs III buffer containing 0.2 umole (200,000 cpm) of the pyrimidine. The flasks were incu- 
bated with shaking for 60 minutes. The standard error of the means is indicated by vertical lines. 


upon the accumulation of liver fat when rats are fed on a purified diet which is 
adequate for growth and reproduction. The prevention of the deposition of fat 
in the livers accomplished either by substituting a natural diet for the purified diet, 
or by supplementing the purified diet with adenine suggests that the biochemical 
changes induced by orotic acid may be related to the creation of a metabolic im- 
balance. Further support for this concept may be found in the periportal accumu- 
lation of fat, and in the modifications of certain pathways in pyrimidine metabolism. 
The rapidity with which the fat disappears and the liver returns to a normal state 
after withdrawal of orotic acid or of supplementation of the diet containing orotic 





VoL. 46, 1960 BIOCHEMISTRY: HANDSCHUMACHER ET AL. 185 


acid with adenine demonstrates the complete reversibility of this phenomenon. 
It should be noted that changes occurred in certain of the pathways of pyrimidine 
metabolism in the livers of animals receiving dog chow diet which contained orotic 
acid, even though the percentage of fat in the liver was normal. This observation 
indicates that the enzymatic differences are not simply the result of the abnormal 
state of the liver after severe fatty infiltration. Also, this view is supported by the 
fact that rapid restoration of the enzymes to normal or higher levels occurred within 
three days after withdrawal of orotic acid, at which time the livers are still ab- 
normally high in fat content. 

The specific prevention of fatty infiltration by adenine suggests that when rats 
are fed the purified diet, which is essentially free from purines and pyrimidines, the 
synthesis of these compounds by the young animal may be limiting, and that feeding 
orotic acid stimulates additional synthesis of nucleic acids with a marked reduction 
in the pool of nucleotides and coenzymes which contain adenine. The higher levels 
of RNA in the livers of animals receiving the adenine supplement, or those receiving 
dog chow, are consistent with this concept. However, it cannot be said with cer- 
tainty that it is the adenine in the dog chow which prevents the development of 
fatty livers, for this complex food mixture clearly contains other factors which 
promote more rapid growth and higher mitotic indices. 

The possibility that orotic acid exerts its effects by alteration of the bacterial 
flora of the intestine or by preventing absorption of certain critical nutrients must 
be considered. However, the low solubility of orotic acid or of its salts prevents 
the parenteral administration of an amount which would even approach that which 
is ingested with the food. 

Although considerable interest has arisen in the possibility that orotic acid may 
serve as a growth factor in some way related to vitamin By. and the ‘‘animal protein 
factor,’’? the present work suggests that the toxic potential of large amounts of this 
normal metabolite should not be overlooked. It is perhaps not unreasonable to 
suggest that these observations may have relevance to human nutrition, for it has 
been reported” that the milk of neither human beings nor of rats contains signifi- 
cant amounts of orotic acid, as compared to that of the milk of cows or other rumi- 
nants. Shortly after parturition, the level of orotic acid in cow’s milk is approxi- 
mately 0.2 per cent of the milk solids, an amount which, ingested over a long period 
of time, might lead to abnormalities in liver function. However, evidence against 
this possibility was obtained in a preliminary experiment in which it was shown that 
whole milk powder (35 per cent in the diet) appeared to afford protection against 
the induction of fatty livers in rats by orotic acid. But there may be a wide range 
of individual sensitivity to this action, particularly during infancy when marked 
changes in enzyme levels are occurring. 

The dramatic accumulation of liver fat in the animals fed orotic acid suggests a 
direct effect. upon fat metabolism, perhaps through alterations in the formation or 
function of essential uridine- or cytidine-containing coenzymes. However, it must 
be borne in mind that the obvious pathological changes may be only secondary to 
primary alterations in protein, carbohydrate, or nucleic acid metabolism. In any 
vase, the influence of orotic acid and adenine on the synthesis and mobilization of 
fat in the rat affords a promising approach for future studies of fat metabolism. 

Summary.—It has been shown that fatty infiltration of rat livers brought about 
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by the inclusion of orotic acid in a purified diet can be prevented or reversed by 
supplementation of the diet with adenine or by feeding dog chow. With these 
dietary changes, certain pathways of pyrimidine metabolism are notably altered. 
The possible significance of these findings, as well as the cytological changes ob- 
served, are discussed. 
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THE CHARGE PROFILE OF THE TROPOCOLLAGEN 
MACROMOLECULE AND THE PACKING ARRANGEMENT IN 
NATIVE-TYPE COLLAGEN FIBRILS* 

By ALAN J. HopGe AND FRANCIS O. SCHMITT 
DEPARTMENT OF BIOLOGY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY 


Communicated December 28, 1959 


The existence of a discrete collagen monomeric unit, the tropocollagen (TC) 
macromolecule, in solutions of soluble collagen has been amply confirmed by a 
variety of techniques, the most important of which have been: (1) the demonstration 
by Schmitt ef al. that the macromolecules may under appropriate conditions be 
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induced to pack in the segment long-spacing (SLS) form, in which the TC macro- 
molecules are arranged in parallel array with all like features in register (see Text 
ig. 1); and (2) the physico-chemical measurements of Boedtker and Doty? ;to- 
gether with the direct electron microscopic evidence of Hall* indicating the presence 
in solutions of soluble collagen of particles having dimensions about 14 & 2800 A 
with a molecular weight of about 360,000. Since the physical properties of TC 
solutions indicate that the macromolecules are essentially rigid rods, it seems likely 
that the three-chain helical configuration indicated by large-angle x-ray diffraction 
studies characterizes most regions of the macromolecules. Studies on the de- 
naturation of the native macromolecules indicate that the helical configuration is 
maintained by hydrogen bonding involving the hydroxyproline residues.>~? 

In the SLS type of ordered aggregate, all like features of the macromolecules are 
in accurate transverse register, i.e., the macromolecules are packed in “homo- 
register.”’ It follows, therefore, that the band patterns observed in the electron 
microscope when SLS aggregates are exposed to ionic electron-dense compounds, 
such as phosphotungstic acid (PTA), will accurately indicate the positions (along 
the length of the TC macromolecule) of the polar groups responsible for binding 
of the heavy meta] compound. Such SLS band patterns are thus in effect. “molec- 
ular fingerprints” and, as we shall see, have proved to be very useful in deducing 
the packing arrangements of the TC macromolecules in other ordered aggregation 
states. If the reasonable assumption is made that the binding is directly pro- 
portional to the concentration of ionized groups on the TC under specified con- 
ditions of pH and ionic strength, it follows that the intensities of the various SLS 
bands accurately indicate the concentration of ionized groups at these loci. Figure 
1 shows SLS-type aggregates (single segments) stained (a) with PTA,’ and (6) 
with cationic uranium.’ It has been shown by chemical analytical and electron 
microscope studies on native-collagen fibrils (ca. 700 A axial period) that the lysine- 
bound PTA is easily washed out, while that held by arginine is firmly bound,®!! 
and therefore primarily responsible for the band intensities in PTA-stained speci- 
mens. The band pattern of SLS stained with uranyl ion under conditions in which 
the ions are all cations is thought to reflect the distribution of aspartic and glutamic 
acid residues in the TC macromolecule. It is immediately apparent that the two 
band-patterns differ considerably. However, a detailed comparison (Fig. 2) shows 

Fic. 1.—Segments (i.e., monomeric SLS-type aggregates) obtained by addition of ATP (2 
mg/ml) to an aged solution of calf-skin collagen in 0.008 N acetic acid. The virtual absence of 
dimeric or polymeric SLS forms in preparations from such aged solutions suggests that depoly- 
merization of any protofibrils originally present has occurred, probably as a result of the action 
of proteases from the tissue or from microorganisms. A similar depolymerizing action occurs 
in the presence of added proteases,'® also resulting in single segment preparations. (a) Stained 


with PTA; (b) stained with cationic uranium. The orientation of the TC macromolecules is 
indicated by the arrows labeled A and B. Note the differences in the two band-patterns. 
< 60,000. 

Fic. 2.—Two individual segments from the same preparation as shown in Fig. 1, (a) stained 
with cationic uranium, (6) stained with PTA, illustrating the close correspondence in the positions 
and the considerable differences in intensities of staining loci in the two ‘‘fingerprints.’’ The 
arrow labeled A and B indicates the molecular orientation according to the convention adopted 
by Hodge and Schmitt.'7_ 200,000. 

Fic. 3.—Polymeric SLS-type aggregates, with the molecular orientation indicated by the 
labeled arrows, obtained by the addition of ATP to a solution of calf-skin collagen subjected to 
sonic irradiation (see Hodge and Schmitt'’). The distortions resulting from drying are mini- 
mized in such preparations, particularly near the ends of the macromolecules, and a better com- 
parison is possible for the positions and intensities of the various staining loci. (a) Stained with 
PTA, and (6) with cationic uranium. 135,000. 
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Fic. 4.—Reconstituted native-type fibril, stained with PTA at pH 4.2, showing the axial period 
of ca. 700 A, and the characteristically ‘‘polarized’’ intraperiod band pattern. The ‘‘quarter- 
stagger’ packing arrangement of the TC macromolecules in this type of ordered aggregate is 
shown diagrammatically. 138,000. 

Fic. 5.—Generally used band nomenclature for the native-type pattern. x 230,000. 

Fic. 6.—Polymerie SLS-type fibrils obtained by addition of ATP to a solution of calf-skin 
collagen at relatively high pH (ca. 5.0). Under these conditions, most of the TC is present in 
the form of linear polymers of the type —AB—-AB—, and the addition of ATP causes them to 
pack in “homo-register’’: (a) stained with PTA, (6) stained with cationic uranium. 71,000. 
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Composite electron micrograph illustrating the “optical synthesis’ of the 
native-type band pattern from that of SLS-type aggregates. At (b) is shown the re- 
sult of a multiple printing of the SLS image (a), with a longitudinal displacement be- 
tween successive exposures of '/, of the length of the single segment shown at (a). The 
summation of band densities resulting from this procedure corresponds closely to the 
band pattern of native-type fibrils (c). Both the SLS-tvpe aggregate (a) and the 
native-type fibril (c) were stained with PTA. 250,000. 
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» | 
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Fic. 8.—‘‘Dimorphic”’ ordered aggregate of TC, produced by exposing reconstituted native 
type fibrils to a solution containing TC macromolecules and ATP at a pH value favoring the 
formation of SLS-type aggregates. Most of the segments formed under these conditions occur 
as outgrowths from the native-type fibrils and always exhibit a characteristic orientation and 
polarity with respect to the ‘‘polarized’”’ band-pattern of the native-type fibrils. Stained with 
PTA. 74,000. 

Fic. 9.—Higher magnification view of a region in the same preparation as shown in Fig. 8, 
showing that in the ‘‘dimorphic forms,”’ all bands of the SLS-type structure are continuous with 
the bands of the native-type fibril. In particular, it should be noted that each band in the native- 
structure is continuous with one of four ‘“‘equivalent bands’’ in the SLS form (e.g., d bands show 
continuity with the SLS bands 6, 6s, 63, and 6,; a bands with the ai”, a2”, a3%, and a4? bands, and 
soon). Stained with PTA. 220,000. 
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that the two band-patterns, corresponding to the distribution of basic and acidic 
residues respectively, match each other very closely in terms of the relative positions 
along the length of the TC macromolecule, but differ considerably in terms of the 
relative intensities of individual bands in the two “‘fingerprints.”” Thus we appear 
to have direct evidence that the polar groups, both basic and acidic, are localized 
in narrowly defined clusters having a characteristic ordinate with respect to the 
length of the TC macromolecule. The narrowest bands observed have widths in 
the range 15-20 A. The intensity differences between individual bands in the two 
“fingerprints” also indicate that while basic groups predominate in some of the 
polar loci, others exhibit a relative parity between basic and acidic groups, and 
some loci are predominantly acidic. The SLS band patterns also indicate that 
these polar loci are separated by regions of the macromolecule which either contain 
polar groups in very low concentration or lack them entirely. These regions 
(interband regions) presumably are constructed largely from the nonpolar glycine 
and pyrrolidine residues which comprise almost two thirds of the amino acids in 
collagen and which provide the stereochemical conditions which stabilize the three- 
chain helical structure indicated by x-ray diffraction. 

So far as is known, collagen fibers in vivo exist only in the form of fibrils with an 
axially repeating band pattern, the axial spacing being between 640 A and ca. 700 A, 
depending on the degree of hydration. The distribution of density in this structure, 
which will be referred to as native type, has been extensively investigated by both 
electron microscopy!':!? and small-angle x-ray diffraction.'* Following the dis- 
covery of the long-spacing forms (‘SLS and FLS) having axial periods several times 
that of the native-type fibrils, thus indicating the existence of monomeric units much 


longer than the axial period of native fibrils, it was postulated'* that these mono- 


”” 


meric units must be packed in a “staggered array” in the native-type structure, 
i.e., With neighboring protofibrils displaced longitudinally in relation to one another. 
With the demonstration of particles about 2800 A long in acid solutions of collagen,’ 
it became clear that the packing rule must be that adjacent protofibrils are displaced 
relative to one another by '/, of the macromolecular length (see Text Fig. 1 and 
Fig. 4). A somewhat similar proposal was made by Tomlin.” 

We now have direct proof of the correctness of this hypothesis from two inde- 
pendent lines of evidence and as a result have been able not only to determine the 
precise location of the TC macromolecules in the native-type structure, but also to 
propose what appears to be a logical nomenclature for the bands of the SLS pattern 
based on this relationship. 

If the ‘‘quarter-stagger” packing arrangement of TC macromolecules is correct. 
it should in principle be possible to ‘‘synthesize’”’ the characteristic band pattern 
of native-type collagen fibrils (Figs. 4 and 5) by an appropriate overlapping of the 
SLS band pattern. Such a synthesis could be accomplished either by summation 
of the photometer curves of SLS with a displacement of '/, of the TC length or, 
more directly, by multiple exposures on a photographic plate with an appropriate 
displacement of the recording plate between successive exposures. We have chosen 
the latter course, and the results of one such synthesis are shown in Figure 7. It 
is evident that the synthesized pattern (b) obtained by multiple printing of the 
image of the PTA-stained segment shown in (a) and with the same directional 
orientation is closely similar, in both the positions and relative intensities of the 
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various intraperiod bands, to the band pattern of a PTA-stained native-type 
fibril (c). The resolution obtainable by this procedure has so far been limited 
only by the errors in the absolute coordinates of the various staining loci introduced 
by shrinkage and distortion of the SLS-type aggregates during drying of the speci- 
mens for examination in the electron microscope. 

The second line of evidence stems from the observation that, under carefully 
controlled conditions of pH and ionic strength, fibrils of native type can be induced 
to act as nuclei for the growth of SLS-type aggregates. In the resultant “dimor- 
phic forms” (Figs. 8 and 9), the SLS-type outgrowths always have the same orien- 
tation relative to the “polarized” band pattern of the native-type fibrils and are 
located in characteristic fashion relative to the intraperiod banding of the latter. 
As shown in Fig. 9, each band in the native-type fibril (e.g., the d band) exhibits a 
direct transverse continuity with one of four different bands of the SLS pattern 
(for the d band, these are the 61, 62, 53, and 6, bands, according to the terminology 
proposed), which characteristically are of different staining intensity and separated 
longitudinally from one another by one-fourth of the segment length, i.e., '/; of 
the length of the TC macromolecule. As shown in Figs. 5 and 9, the intraperiod 
bands of the native-type structure are designated as a, de, a3 ---; by, be, bs ---; and 
so on, the pattern ending in a series of e bands. This type of nomenclature for 
native-type fibrils, which was first proposed by Schmitt and Gross" and has been 
used by other authors,'! has the advantage that additional bands, which may be 
reported in the future as a result of better preservation of order, would be easily 
assigned an appropriate symbol by means of additional subscripts. Since each 
of these bands corresponds to four ‘equivalent bands” in the SLS pattern, it seems 
clear that the intensity of any particular band in the native-type pattern is the 
result of a summation, arising from the staggered packing arrangement, in which 
the binding capacities of the four corresponding ‘“‘equivalent loci’ on the TC macro- 
molecule are equally represented. As shown in two-dimensional diagrammatic 
form in Text Figure 1, this must mean that the bands in the native-type structure 
arise from a “hetero-register” of equivalent staining loci, in contrast to the “homo- 
register” characteristic of the SLS-type aggregation state. It should be noted that 
the distribution of staining loci (clusters of polar residues) in the TC macromolecules 
is such that when packed in “‘parallel array,” i.e., with the same directional orien- 
tation and with nearest neighbors longitudinally displaced by '/, of the TC length, 
all staining loci are in accurate transverse register. 

In view of the characteristic relationship between the bands of the native-type 
and SLS-type patterns (as demonstrated in Fig. 9 and Text Fig. 1), we propose 
the following terminology for the approximately 40 bands already observed in the 
SLS pattern. Each band will be assigned a Greek letter in keeping with its rela- 
tionship to bands in the native-type pattern (a for those bands corresponding to a 
bands, 8 for those corresponding to b bands, and so on), with a superscript corre- 
sponding to the subscript of the native-type band with which it is continuous in the 
“dimorphic forms,” and a subscript indicating which of the four ‘‘equivalent bands,”’ 
is being referred to. As an example, the four SLS bands corresponding to the a 
band of the native-type structure are aj, a3, a3, and aj, moving along the segment 
in the sense B to A, as defined by Hodge and Schmitt," those corresponding to the 
az band are aj, a3, a3, and aj, respectively. This type of terminology possesses 
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two major advantages over any arbitrary classification of the SLS bands: (1) 
additional bands which may be resolved in both the native-type and SLS band 
patterns as a result of improvements in the preservation of order of specimens 
for electron microscopy would be easily assigned appropriate symbols simply by 
providing additional subscripts and superscripts, respectively; (2) the staining 
intensity of any band in the native-type structure may be simply expressed as a 
summation of the staining intensities of the four corresponding “equivalent bands”’ 
in the SLS-type structure, thus e.g., J, = (k/4) Wat + Jat + [a3 + Jas), where the 
I’s indicate the staining intensities of the bands designated, and k is a constant, the 
value of which will depend on the degree of additivity of the “binding powers” 
of the four particular staining Joci of the TC macromolecule. The value of k 
could for instance depart from unity as a result of some rotational vector involved 
in the packing of the TC polymers. In fact, however, the good agreement between 
the relative intensities of the bands in the native-type structure with those in the 
pattern produced from the SLS pattern by optical synthesis (Fig. 7) suggests that 
the intensities are closely additive, i.e., the value of k must be close to unity. 

It is an interesting consequence of the band correspondence shown in the “di- 
morphic forms” that the SLS pattern may be divided into four regions of equal 
length, in each of which the distribution (but not the intensities) of the bands 
corresponds exactly with that in a single period of the native-type structure. How- 
ever, this does not imply that the TC macromolecule comprises four identical sub- 
units, and, indeed, all the substantial evidence available at the present time indi- 
cates that the 2800 A unit is the true monomer, both in solution and in the various 
ordered aggregates. Furthermore, there is evidence that the macromolecules of 
other fibrous proteins, e.g., some of the muscle proteins, are packed in comparable 
staggered arrays." 

Earlier determinations of the distributions of axial periods for ordered TC aggre- 
gates of FLS-, SLS-, and native-type showed rather wide spreads about the mean 
values, and we have accordingly reexamined the problem. It is found that much 
of the previous error resulting from shrinking and stretching of the substrate film 
under the influence of the electron beam is eliminated when the supporting plastic 
film is stabilized by vacuum evaporation of a thin film of carbon. Variation in 
magnification from one exposure to another is also a serious source of broadening of 
the distributions, and a further sharpening of the curves can be achieved by the 
simple expedient of photographing at low magnification, taking due account of the 
errors arising from radial distortion of magnification near the edges of the field. 
This procedure gives very sharp distributions for individual micrographs, with the 
mean values varying somewhat for each determination.'® It is clear, therefore, 
that, when adequate precautions are taken to minimize distortions arising from the 
impact of the electron beam and to control variations in magnification arising from 
lens hysteresis and other effects, the sharp distributions of axial period in ordered TC 
aggregates are in close agreement with physical chemical determinations of dimen- 
sions and with the concept that the macromolecules are highly homogeneous with 
respect to their lengths. Comparably sharp distributions have been obtained for 
the protein paramyosin (Hodge, unpublished). 

We wish to report one further result, which shows promise of yielding more pre- 
cise information concerning the distribution of electron density along the TC 
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macromolecule. As has been shown by electron microscopy, the ‘“‘quarter stagger”’ 
arrangement of the protofibrils results in a juxtaposition of the “equivalent staining 
loci,”’ the final staining intensity of any particular band being a summation of the 
staining capacities of the four corresponding ‘‘equivalent loci.’”’ A comparable 
“summation” appears to occur in the small-angle x-ray diffraction pattern of 
native-type collagen fibrils, since all reflections correspond to orders of a funda- 
mental spacing between 640 and 700 A. The observed intensities thus represent 
the Fourier transform of a series of accurately spaced band regions (electron-dense 
zones corresponding to the clustering of polar residues) each of which, however, is 
heterogeneous in that it is made up of a lateral juxtaposition of the four correspond- 
ing “equivalent loci”; the 700 A pattern therefore does not directly give informa- 
tion concerning the distribution of density along individual protofibrils, nor can 
this be deducted from the information contained in the diffraction pattern. As 
described in the following paper,” dialysis of an acid solution of TC versus distilled 
water results in a rapid increase in viscosity, the final result being the production 
of a ‘‘water-clear’”’ gel, strongly indicating that end-to-end polymerization of the 
TC macromolecules is proceeding with only slight side-to-side aggregation. The 
results of Glimcher and Bonar (personal communication) using small-angle x-ray 
diffraction indicate that the fine filaments of the “‘water-gel’’ probably consist of 
protofibrils packed in the ‘‘quarter-stagger’’ arrangement. However, in our 
experiments if an ATP solution is added to the gel, or at a late stage during the 
dialysis, the charge distribution is altered in a way such that the SLS-type packing 
(i.e., homo-register of polar loci) is favored without serious depolymerization of the 
protofibrils. The result is a fibrous type of SLS structure (I°-SLS), as shown in 


Figure 6, in which all features of the component TC macromolecules are in “homo- 
register.”’ If fibers of sufficiently high orientation and order can be produced from 
these precipitates, it should be possible to utilize high resolution small-angle x-ray 
diffraction to obtain direct information concerning the distribution of intrinsic 
electron density along the length of the TC macromolecule and also by the intro- 
duction of heavy atoms linked specifically to certain residues, to determine the 
location of these groups. 


* This investigation was supported by a research grant from the National Institute of Allergy 
and Infectious Diseases of the U. 8. Public Health Service. 

The substance of this paper was presented at the Sixth Congress of the International Union of 
the Leather Chemists Societies, Munich, Germany, on September 8, 1959 (by F. O. 8.), and at a 
Symposium on Macromolecular Complexes held by the Society of General Physiologists, Urbana, 
Illinois, on September 9, 1959 (by A. J. H.). 

' Schmitt, F. O., J. Gross, and J. H. Highberger, Symp. Soc. Exp. Biol., 9, 148 (1955). 

2 Boedtker, H., and P. Doty, J. Am. Chem. Soc., 78, 4267 (1956). 

5 Hall, C. E., and P. Doty, J. Am. Chem. Soc., 80, 1269 (1958). 

4 Rich, A., and F. H. C. Crick in Recent Advances in Gelaiin and Glue Research, ed. G. Stainsby 
(New York: Pergamon Press, 1958), p. 20. 

5 Gustavson, K. H., Nature, 175, 70 (1955). 

6 Doty, P., and T. Nishihara in Recent Advances in Gelatin and Glue Research, ed. G. Stainsby 
(New York: Pergamon Press, 1958), p. 92. 

7 Orekhovitch, V. N., and V. O. Shpikiter, Science, 127, 1371 (1958). 

8 It should be noted that the density distribution observed in stained specimens results not 
only from a specific binding of PTA to basic groups but also from an “‘intrinsic’”’ density arising 
from the specific distribution of bulky polar side chains in the TC macromolecule. This intrinsic 





Vou. 46, 1960 BIOCHEMISTRY: HODGE ET Al. 197 


density distribution has recently been directly demonstrated in electron micrographs of formalde- 
hyde-fixed SLS-type aggregates by Kiihn, K., U. Hofmann, and W. Grassmann (Naturwiss., 46, 
512 1959). 

* For this purpose the segments were stained by exposure to 0.002 M urany! nitrate for 1 minute 
and washed with distilled water before drying on the grid. Under these conditions the uranium in 
solution is cationic (see Horne, R. A., C. D. Coryell, and L. 8. Goldring, Ann. Rev. Nuclear Sci., 6, 
163, 1956). 

” Kiihn, K., W. Grassmann, and U. Hofmann, Z. Naturforsch., 13, 154 (1958). 

11 Nemetschek, T., W. Grassmann, and U. Hofmann, Z. Naturforsch., 10b, 61 (1955). 

12 Kiihn, K., Das Leder, 9, 217 (1958). 

13 Bear, R. S., and R. S. Morgan, in Connective Tissue, ed. R. E. Tunbridge (London: Blackwell, 
1957), p. 321. 

14 Schmitt, F. O., J. O. Gross, and J. H. Highberger, Exp. Cell Res., Suppl. 3, 326 (1955). 

1 Tomlin, 8. G., Proc. Internat. Wool Textile Res. Conf., Australia, B, 187 (1955). 

16 Schmitt, F. O., and J. Gross, J. Am. Leather Chemists Assoc., 43, 658 (1948). 

17 Hodge, A. J., and F. O. Schmitt, these ProceEpINGs, 44, 418 (1958). 

18 Hodge, A. J., Revs. Mod. Phys., 31, 409 (1959). 

19 In a typical determination, the lengths of 124 segments in a single micrograph of the prepara- 
tion shown in Fig. 1 were measured on photographic enlargements at a magnification of 92,000 x 
(determined by the use of Dow polystyrene latex spheres, with a nominal diameter of 1380 A). 
The arithmetic mean was 2850 A with 70% of the segments measured falling in the range 2790— 
2910 A, and all measurements being in the range 2670-3060 A. Sharp distributions have also been 
obtained for native-type fibrils. 

*” Hodge, A. J., J. H. Highberger, G. G. J. Deffner, and F. O. Schmitt, these PRocEEDINGs, 46, 
197 (1960). 


THE EFFECTS OF PROTEASES ON THE TROPOCOLLAGEN 
MACROMOLECULE AND ON ITS AGGREGATION PROPERTIES* 


By ALan J. Hopet, Joun H. HicguHspercer, Gorrrrren G. J. DEFFNER, AND 
FRANCIS O. ScHMITT 


DEPARTMENT OF BIOLOGY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, AND RESEARCH DIVISION 
OF THE UNITED SHOE MACHINERY CORPORATION, BEVERLY, MASSACHUSETTS 


Communicated December 28, 1959 


Detailed analysis of the band distribution of segment-type (SLS) ordered aggre- 
yates (in which the tropocollagen macromolecules are packed in parallel array with 
all like features in accurate transverse register!) obtained by addition of adenosine 
triphosphate (ATP) to sonically irradiated solutions of tropocollagen (TC) led to 
the suggestion? that ‘‘end-chains’” may be involved in the formation of linear 
polymers of TC, i.e., protofibrils. In this picture, the TC macromolecule in solu- 
tion is considered to comprise three chains coiled about one another in the charac- 
teristic helical configuration deduced from large-angle x-ray diffraction studies,’ 
with relatively short (100-200 A) peptide appendages at both ends, presumably in a 
random-coil configuration when the monomers are free in solution. End-to-end 
polymerization would thus involve an orderly interaction of peptide end-chains, 
possibly to form an ordered helical structure. It seemed desirable, therefore, to 
attempt the isolation and characterization of such peptide end-chains (or frag- 
ments thereof), preferably by means of specific enzyme action. 

The possibility that proteolytic enzymes could be usefully employed in such an 
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attempt was given force by the reports in the literature that, while enzymes such as 
trypsin and chymotrypsin rapidly attack the randomly coiled polypeptide chains of 
denatured collagen (gelatin), reducing them to peptides with terminal groups 
compatible with the known specificities of these enzymes,‘ they appear to be im- 
potent when confronted with the intact three-chain helical configuration of native 
collagen fibrils and also tropocollagen in solution.’ Collagenase on the other hand 
rapidly reduces native collagen macromolecules to a large number of peptides,® in 
accord with its specificity. The postulated peptide ‘end-chains” of the TC 
macromolecule in solution would presumably be in a random-coil configuration, and 
hence at least partially accessible to enzyme attack. 
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Fig. 1.—In the center is depicted a typical acid solution of collagen, containing TC monomers 
together with some linear dimers, trimers, and other n-mers. Under suitable conditions (e. g., 
dialysis versus 1% NaCl), the solution yields native-type fibrils (top center), while the addition 
of ATP gives rise to a stringy SLS-type precipitate resulting from the growth of individual 
segments on the pre-existing linear polymers of TC. At left is shown the linear polymerization 
resulting from dialysis versus distilled water, ultimately leading to the formation of a water-clear 
gel consisting of very thin fibrils of native-type (top left). The addition of ATP during late 
stages of the dialysis leads to the formation of polymeric SLS-type structures (F-SLS at bottom 
left). At right is illustrated the depolymerizing action of proteases such as trypsin (see Fig. 2). 
Subsequent dialysis versus distilled water does not induce end-to-end polymerization (right center 
and top right), and the addition of ATP produces only single segments, i.e., whole monomeric 
forms (bottom right). 


Most preparations of soluble collagen contain variable proportions of linear 
dimers, trimers, and other n-mers, in addition to monomeric TC macromolecules. 
Acid solutions of TC can be made essentially monodisperse by prolonged ultra- 
centrifugation, provided the concentration of collagen is kept low; measurements 
indicate dimensions for the TC macromolecule of about 2800 * 14 A, with a mo- 
lecular weight in the vicinity of 360,000.7:* The results of electron microscopic in- 
vestigations’: !° are in good agreement with these dimensions. While monomeric 
units of such high asymmetry would be easily distinguished from lateral aggregates 
by both sedimentation and light-scattering techniques, the discrimination would be 
much less sensitive for linear polymers, and our evidence indicates that a small 
proportion of linear polymers is present even in solutions subjected to prolonged 
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ultracentrifugation. This is based both on the gross macroscopic character of 
SLS-type precipitates obtained by the addition of ATP (0.1-0.2% w/v) to acid 
solutions of collagen and on their appearance in the electron microscope after 
staining with phosphotungstic acid. Extensively centrifuged solutions yield 
mostly segments (SLS-type structures of monomeric form), which may remain sus- 
pended indefinitely or settle to a dense mass at the bottom of the tube as a result of 
nonspecific clumping. In contrast to this, less homogeneous solutions usually 
yield SLS-type precipitates of a flocculent fibrous character, which do not settle 
even on prolonged standing. The appearance of such precipitates in the electron 
microscope (‘‘strings of segments”) suggests that they arise by an isomorphous 
growth of monomeric TC on existing linear 
polymers (see Fig. 1). The results described in 


the preceding paper’ also indicate that the sd ee ae 


electron microscope appearance of SLS-type KK eK 





precipitates is a reliable criterion of the propor- 
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tion of polymers present, since the addition of 
ATP to a solution known to contain a large pro- 
portion of linear TC polymers results in the 
formation of a fibrous precipitate (F-SLS) 
In the light of these results, the effects of 
enzymes such as trypsin and pepsin (acting at 
pH 7.2 and 3.5, respectively) is rather striking. 
The addition of ATP to acid solutions of 
enzyme-treated TC yields only single segments 
onomeric SLS form) with few, if any, dimeric bation 
(m momeri | fe rm) ith few, if uny, dimeric i a si Sh os 
or higher polymeric forms. In contrast to this, TIME IN MiNUTES 
exposure of TC solutions to collagenase rapidly _ Fic. 2.—The effect of two proteoly- 
prevents the formation of any ordered struc- tic, enzymes (trypsin, Worthington, 
es of SLS-tv It s SP ESI oP twice recrystallized, and collagenase, 
tures of SLS-type. it seems, therefore, that an Worthington) on the viscosity of a 
important, but hitherto unrecognized, action solution of calf-skin collagen in tris 

al a ie i hee - buffer pH 6.9, in the presence of 0.5 M 
of such proteases (collagenase excepted) on CaCl, at 20°C. The enzymes were 
collagen solutions is a depolymerization of linear dissolved in the buffer solution and the 

RR EN Se ‘ zero points obtained by measuring the 
polymers of TC (protofibrils) to the monomeric viscosity of an aliquot of the collagen 
TC units, without apparent damage to the solution diluted with a volume of buf- 

j fer equal to that used in adding the 
helical structure of the macromolecules, as enzyme. 
judged by their ability to form SLS-type struc- 
tures with a band pattern indistinguishable from that of monomeric SLS forms"! 
derived from untreated solutions. It is clear that whereas collagenase destroys the 
helical internal structure of the macromolecule and therefore the characteristic dis- 
tribution of side-chain charges, the other proteases used (trypsin, chymotrypsin, 
pepsin) do not attack this internally organized structure in the native macromo- 
lecules, but only the protruding terminal peptide chains. 

The above interpretation of the action of proteases is supported by observations 
on the physico-chemical properties of collagen solutions subjected to enzyme 
attack. The results obtained with trypsin on collagen held in solution at pH 7-8 in 
0.5 M CaCl, and tris buffer’ are shown in Fig. 2. The viscosity fell rapidly, but 
stabilized at a high value'* consistent with the presence of monomeric TC in the 
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solution. Similar behavior was observed with pepsin in acid solutions. Under 
such conditions there is no detectable change in the optical rotatory properties of 
the solutions, and pH-stat observations on a similar collagen solution (differing only 
in that it lacked buffer) showed a rapid breaking of a small number of bonds, with 
the curve soon leveling off at a low value of about 12 bonds per mole of collagen 
(assuming a molecular weight of 360,000). These data are consistent with a 
, depolymerizing activity of the 
eels enzyme without appreciable 
Ye f damage to the helical configura- 
is tion of the chains in the body of 
f I -CONTROL: NO TRYPSIN the TC macromolecules. Colla- 
II -0.01% TRYPSIN ; 
I -0.05% TRYPSIN genase on the other hand rapidly 
W- 0.1% TRYPSIN attacks the TC macromolecule 
(Fig. 2). 

A number of observations indi- 
cate that the activity of these 
proteases on collagen in solution 
is not confined to a simple depoly- 
merizing action on linear TC 
polymers, but also involves modi- 
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ington, twice recrystallized) on the thermal gelation of a : 
0.1% solution of calf-skin collagen (tris buffer, pH 7.0, are drastically altered, probably 


with 0.45 M NaCl) at 34° C after incubation with the as a result of peptide liberation 
enzyme for six hours at 20°C, as determined by the i 
optical density at 430 mp. from the postulated end-chains. 


3.4 As a result of brief trypsin treat- 
ment at room temperature the 
following modifications in proper- 
ties were noted: (1) The reconsti- 
tution of native-type fibrils (ca. 
700 A axial period) by dialysis of 
an acid collagen solution against 1 
per cent (w/v) NaCl in the cold is 
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TRYPSIN CONCENTRATION (MGM/ML) (2) prevention of the formation of 














Fig. 4.—Effect of trypsin concentration on the a ‘‘water-gel”’ on dialysis vs. dis- 
viscosity at 20°C of the solutions used in Fig. 3 tilled water of an acid solution of 
prior to elevation of the temperature to 34°C. . ‘ 

collagen previously subjected to 
enzyme treatment. The viscosity of untreated solutions rises steadily during such 
a dialysis,'* the final result being a gel of very low opacity and consisting of thin 
filaments which may be of native type (see preceding article); (3) the abnormal 
homologous type of end-to-end interaction observed in the formation of SLS-type 
precipitates from sonically irradiated collagen solutions? is prevented. The SLS 
structures obtained after pepsin treatment of these irradiated solutions are 
predominantly of monomeric form, very few, if any, polymeric SLS forms being 





VoL. 46, 1960 BIOCHEMISTRY: HODGE ET AL. 201 


encountered; (4) the “thermal gelation” of neutral salt solutions of collagen” 
effectively utilized by Gross'® and by Bensusan and Hoyt’ is severely inhibited, or 
even abolished, when the collagen solutions are exposed to trypsin at 20°C prior to 
incubation in the temperature range 30-37°C (Fig. 3). It is evident from these 
data that the effect on thermal gelation is dependent on the enzyme concentration, 
a conclusion supported by observations on the same solutions after incubation with 
the enzyme, but prior to warming. As shown in Fig. 4, the relative viscosities of 
the various solutions exhibit a dependence on enzyme concentration such that no 
further lowering of viscosity is achieved beyond trypsin concentrations of about 10. 
per cent. The effect of viscosity seems to be directly correlated with the reduced 
rate of increase in optical density observed on warming. These data suggest 
that the enzyme moiety responsible for the effects may be inactivated during 
the process and that the effects could be due to contaminants rather than to 
tryptic activity itself. 

It may reasonably be concluded that the action of many proteases (with the ex- 
ception of collagenases) on collagen solutions is a depolymerizing activity when 
linear polymers of TC are present, and a proteolytic activity confined to very limited 
susceptible regions extending beyond the triple-helix body of the native TC 
macromolecule. The pronounced effect of proteases on the end-to-end poly- 
merization properties of TC macromolecules, together with the fact that the 
“single segment”? band pattern of SLS-type aggregates derived from enzyme- 
treated collagen solutions is identical with that for single segments from control 
solutions (i.e., the distribution of polar groups capable of binding heavy metal 
stains such as PTA is unaffected), suggests strongly that the proteolytic activity is 
confined to “end regions’’ of the TC macromolecule and perhaps corresponds to the 
liberation of one or more peptides'® from one or both of the postulated ‘end-chains”’ 
or portions thereof.*4 

In view of this possibility, efforts were directed toward the isolation and charac- 
terization of any such products (presumably peptides). Experiments were carried 
out utilizing mainly the techniques of curtain paper electrophoresis and two- 
dimensional paper chromatography. For purposes of simplification the scope of the 
analysis was substantially narrowed in the following way: In the first place, it 
seems to be a generally accepted fact that the most highly purified collagen solu- 
tions still contain a relatively small but definite amount of tyrosine,!: * and further- 
more, that purification treatments which result in the removal of the tyrosine con- 
tent concomitantly abolish the capacity of the preparation to yield ordered fibrous 
structures of native type. This result in itself suggests that the tyrosine may be 
located in relatively accessible and critical regions of the macromolecules, possibly 
at the ends. The probability that the tyrosyl residues are so located that they play 
an important role in the interaction properties of the TC macromolecules is further 
strengthened by the observation of Bensusan?! that iodination markedly accelerates 
the thermal gelation of neutral salt solutions of collagen. With the exception of 
histidine, which reacts only very slowly with iodine, tyrosine is the only amino acid 
in TC that can be iodinated. An additional pointer in this general direction was 
the report that a tyrosine-containing peptide, the ‘S,” peptide, had been isolated 
from tryptic digests of thermally denatured collagen preparations.‘ 

This suggested the desirability of determining whether tyrosine-containing pep- 
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tides are liberated by the action of proteases on the TC macromolecule, and to this 
end the technique of paper curtain electrophoresis was employed. So far we have 
studied only the activity of trypsin in this respect. The tryptic digests were iodi- 
nated, using iodine”? containing the radioactive isotope I'*!. The results of a con- 
trol run with trypsin alone, a run with native (undenatured) collagen in solution 
after incubation with trypsin, and a run with trypsin and collagen heat-denatured 
according to the methods described by Grassmann et al.‘ are illustrated in Figure 5. 
The distribution patterns are complex, but it is clear that trypsin has liberated from 
both native and denatured 
TC an acidic peptide frac- 
tion (Fraction I) which was 
not present in the control 
run with trypsin alone. A 
further control run with 
native collagen alone (not 
illustrated) also showed no 
significant activity in the 
region occupied by Fraction 
700 I. Figure 6 shows the elec- 
tropherogram for the run 
with heat-denatured  col- 
lagen plus trypsin after 
staining, first with ninhy- 
drin (positive reaction in- 
dicated by N), then with 
amido-black (positive reac- 
tion indicated by A), to- 
gether with the distribution 
of I'*! activity in the collect- 
ing tubes and an indication 
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Fia. 5.—The distribution of I'*! activity in the effluent from 
ew curtain electrophoresis at pH 4.9 in pyridine-acetic acid 
yuffer for (A-I) native calf-skin collagen in solution at pH 
7.0 (tris buffer with 0.5 M CaCl.) incubated with trypsin 


(Worthington, twice recrystallized) for two hours at 20°C, 
followed by iodination; (B-I) skin collagen after thermal 
denaturation and tryptic digestion according to the procedure 
of Grassmann et al.,4 followed by iodination, and (C-I) trypsin 
alone (Worthington, twice recrystallized) after incubation at 
20°C in the same medium as used for Run A-I, followed by 
iodination. A control run with native collagen alone gave no 
significant activity in the region of Fraction I. It can be seen 
that the peak of activity labelled Fraction I on the acid side of 


of the relative specific ac- 
tivities of the various frac- 
tions. It should be noted 
that although, under the 
conditions of the experi- 
ment, the amount of Frac- 


the diagram appears to arise by the action of trypsin on both 


native and denatured TC. Input at center. tion I was too small to be 


detected on the paper by 
staining with either ninhydrin or amido-black, it was easily detectable by means of 
its I'*! activity. The high relative specific activity found for Fraction I indicated 
that this peptide fraction must be rich in tyrosine, and this conclusion was con- 
firmed by two-dimensional paper chromatography of an acid hydrolysate (Fig. 7). 
As was to be expected from its electrophoretic behavior, the chromatogram of Fr. I 
shows a preponderance of acidic amino acids and a paucity of basic amino acids 
among the polar residues. This fraction also contains hydroxyproline (in low con- 
centration) and a considerable proportion of tyrosine, some of which is present in 
the hydrolysate as the monoiodo compound, the latter spot being radioactive. 
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Fic. 6.—The distribution of I'*! activity in paper curtain electrophoresis of denatured collagen 
incubated with trypsin (Run B-I of Fig. 5) together with the relative specific activities of the vari- 
ous fractions indicated in Fig. 5. At top is shown the electropherogram of the same run after 
staining, first with ninhydrin (positive reaction indicated by N), then with amido-black (A). 
Note that Fraction I escaped detection by staining with ninhydrin and amido-black, but has by 
far the highest specific activity of the various fractions examined. 
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Fic. 7.—Two-dimensional paper chromatogram of an acid hydrolysate of Fraction I from Run 
B-I, shown in Figs. 5 and 6, run in phenol-o-cresol (1:1) and n-butanol-acetic acid-H.O. Note the 
relatively large amounts of tyrosine (Tyr) and mono-iodo-tyrosine (MIT). 
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Unfortunately, the yield of Fraction I from this run was not sufficient to allow 
further characterization, but experiments are under way with a high capacity cur- 
tain electrophoresis apparatus, and results will be reported in due course. One 
further point is of interest. It is obvious from the electropherogram of the control 
run of trypsin by itself (not shown) and from the distribution of I'*! activity in this 
run (Fig. 5), that the enzyme used though of high quality (Worthington, twice- 
recrystallized) is in fact far from being free of impurities. Consequently, although 
there is no doubt that the release of tyrosine-containing peptides is the result of 
proteolytic activity, such activity is not necessarily that of trypsin alone.'* Efforts 
are being made to obtain electrophoretically pure proteases, the activities of which 
‘an be more definitely assessed. 


* This investigation was supported in part by research grants E-1469 from the National In- 
stitute of Allergy and Infectious Diseases to the Massachusetts Institute of Technology and A- 
2632 from the National Institute of Arthritis and Metabolic Diseases to the United Shoe Machin- 
ery Corporation. 

The substance of this paper was presented at the Sixth Congress of the International Union of 
the Leather Chemists Societies, Munich, Germany, on September 8, 1959 (by F. O.8.), and at a 
Symposium on Macromolecular Complexes held by the Society of General Physiologists, Urbana, 
Illinois, on September 9, 1959 (by A. J. H.). 
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ON THE SITES OF ATTACHMENT AND REACTION OF 
ALDEHYDE DEHYDROGENASES 
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Communicated By David M. Bonner December 28, 1959 


Investigation of various aldehyde dehydrogenases obtained from a variety of 
sources and representing a range of specificity has revealed at least two characteris- 
tics common and, in part, unique to the enzymatic oxidation of aldehydes. These 
include inhibition by low concentrations of arsenite! * and the aldehyde substrate.* 4 
The susceptibility to arsenite has been ascribed to the presence of closely juxtaposed 
sulfhydryl groups on the protein; lipoic acid has been ruled out as a participant.? 
A distinct possibility in accounting for arsenite inhibition involves a structure w.th 
two cysteine moieties brought into proper position by the helical coiling of an amino 
acid chain. This interpretation is strengthened by the observation that a dimer- 
captan is able to reverse the inhibition. Indeed, in those cases where aldehyde 
dehydrogenase activity is manifest in the absence of exogenous sulfhydryl com- 
pounds, arsenite was inhibitory only in the presence of a mercaptan. ! 

A means of investigating the site of attachment of the two substrates, aldehyde 
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and pyridine nucleotide, became available when it was observed that. proteolytic 
destruction of a TPN linked succinic semialdehyde dehydrogenase by trypsin was 
dependent upon the addition of pyridine nucleotide. Using susceptibility to trypsin 
digestion as a criterion of pyridine nucleotide binding, the attachment of substrates 
to enzyme were investigated. The data to be presented indicate that TPN is not 
bound to an enzyme sulfhydryl group. On the basis of this and several other ob- 
servations, mechanisms for the enzymic oxidation of aldehyde are discussed. 

Materials and Methods.—Purification methods for the two succinic semialdehyde 
dehydrogenases, referred to here as the DPN-enzyme and the TPN-enzyme, re- 
spectively, have been presented. The TPN-enzyme, used for most of these studies, 
represents the combined eluates from an N,N-diethylaminoethylcellulose column 
(Fraction 115) with a specific activity of approximately 400.6 The enzyme was also 
active with DPN at a much lower rate.* 

The DPN-enzyme represents Fraction 8° and had a specific activity of approxi- 
mately 500.7 This enzyme was also active, although at a much lower rate, with 
TPN. 

Crystalline preparations of soybean trypsin inhibitor and salt-free trypsin, as 
well as a preparation of diaphorase from Clostridium kluyveri, were obtained from 
the Worthington Biochemical Corporation. Analogues of DPN were products of 
Pabst Laboratories. 

Succinic semialdehyde dehydrogenase activity was determined by methods pre- 
viously outlined.® 

Radioactivity was measured with a Packard liquid scintillation spectrometer. 
A 0.1 ml aliquot of aqueous sample was added to 9.9 ml of the following solution: 
toluene, 8 ml; absolute ethanol, 1.9 ml; 2,5-diphenyloxazole, 40 mg; 1,4-bis-2-(5- 
phenyloxazolyl)-benzene, 5 mg. 

Results.—Effect of pyridine nucleotide: As shown in Figure 1, proteolysis of the 
TPN-enzyme by trypsin is slow in the absence of pyridine nucleotide, faster with the 
addition of DPN and rapid in the presence of TPN. Since this unusual order of 
activity of the pyridine nucleotides is reflected in the rate of catalysis of the enzyme, 
it seemed that binding for both activities might take place at the same site on the 
protein. 


TABLE 1 


ENZYME AFFINITY FOR PYRIDINE NUCLEOTIDE AS DETERMINED BY CATALYTIC ACTIVITY AND 
TrRypPsIN DIGESTION 
Relative* 
Rate, Inhibition,t Inactivationt 
A absorbancy % of DPN by Trypsin, 
Nucleotide per Minute Activity % 

None 0 <5 
TPN 0.860 >95 
DPN 0.072 100 29 
Deamino-DPN 0.054 209 ‘ 34 
Acetylpyridine-DPN 0 59 20 
Acetylpyridine deamino-DPN 0 73 21 


* Rate of pyridine nucleotide reduction in the presence of 1 mM nucleotide under otherwise standard assay (5) 
conditions. 

+ Effect of 2 mM pyridine nucleotide upon the standard assay which was modified in that 0.6 mM DPN replaced 
TPN. This change was made because the analogues of DPN had a low affinity for the enzyme as compared with 
TPN. 

t Conditions were as detailed for Fig. 1 except that a pyridine nucleotide concentration of 2 mM was used and 
that the reaction was terminated after 4 minutes of incubation. 
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The results summarized in Table 1 were obtained when a variety of pyridine nu- 
cleotides were compared. TPN, DPN, and deamino-DPN are substrates of the 
enzyme and each is capable of increasing the rate of proteolysis. Acetylpyridine- 
DPN and acetylpyridine deamino-DPN are also effective in stimulating trypsin 
catalyzed inactivation, although neither serves as a substrate. Each of the latter 
group of pyridine nucleotides has an affinity for the enzyme as demonstrated by in- 
hibition of catalytic activity. Since each of the compounds tested as an inhibitor 
was added at a concentration 4-fold greater than DPN (Table 1), and since DPN 
was present at a concentration not sufficient for enzyme saturation, the increase in 
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Fig. 1.—Effect of incubation of TPN-en- 


zyme with pyridine nucleotide. Incubation in 
a total volume of 0.6 ml at 23° in a solution con- 
taining 3.5 units of enzyme activity, 0.05 mg 
of trypsin, 50 wmoles of tris(hydroxymethyl)- 
aminomethane chloride at pH 9.0, 5 umoles of 
mercaptoethanol and, where applicable, 0.5 
umole of pyridine nucleotide. After the ap- 
propriate time interval the reaction was termi- 
nated by the addition of 0.4 mg of trypsin in- 
hibitor and appropriate aliquots were taken for 
determination of residual enzyme activity in 
the standard assay system. 


Fic. 2.—Determination of K; for the ¢om- 
petitive inhibition of succinic semialdehyde by 
arsenite. The following were preincubated for 
20 minutes at 23° in a total volume of 1.0 ml: 
1 unit of TPN-enzyme, 1 wmole of TPN, 2 
umoles of potassium arsenite, 6 umoles ot mer- 
captoethanol and 100 umoles of tris(hydroxy- 
methyl)aminomethane chloride at pH 9.0. 
The reaction was initiated by the addition of 
succinic semialdehyde and the reaction was 
followed for a period of one minute with a re- 
cording Cary spectrophotometer. With ar- 
senite (@) and in the absence of arsenite (O). 


activity caused by deamino-DPN is assumed to be due to the greater concentration 


of pyridine nucleotide available as substrate. 


The suggestion is made that the com- 


bination of pyridine nucleotide and enzyme results in an intramolecular rearrange- 
ment of the protein exposing a bond labile to trypsin. 

Arsenite, p-chloromercuribenzoate, and succinic semialdehyde, two inhibitors and 
a substrate of the enzyme, respectively, were also examined for their effect on the 


rate of proteolysis. 


In the absence of pyridine nucleotide, none of these compounds 
influences the rate of inactivation (Table 2). 


Moreover, the presence of either ar- 


senite or p-chloromercuribenzoate does not interfere with the ability of TPN to 





Vou. 46, 1960 BIOCHEMISTRY: NIRENBERG AND JAKOBY 209 


promote the rapid inactivation by trypsin. These experiments indicate that TPN 
is not bound to a protein sulfhydryl group. 

Succinic semialdehyde binding: The above conclusion was reinforced when it was 
observed that arsenite is not a competitive inhibitor of TPN; 79, 74, and 76 per cent 
inhibition is obtained at a potassium arsenite concentration of 3 X 10~-* M with 
TPN concentrations of 2, 5 and 10 X 10° M, respectively. However, the alde- 
hyde substrate, succinic semialdehyde, does compete with arsenite as shown in 


TABLE 2 
EFFECT OF SULFHYDRYL INHIBITORS ON TRYPSIN 
INACTIVATION OF TPN-ENZYME 


Inhibition, Loss of activity, % 
Additions qe TPN +TPN 
None 0 35 90 
Arsenite (5 mM) 85 : 87 
p-Chloromercuribenzoate (0.1 mM)* 100 3: 86 
None es 
Succinic semialdehyde (1 mM) 
* Where p-chloromercuribenzoate was used, mercaptoethanol was not included in the trypsin digestion mixture. 
Incubation conditions and assay were similar to that employed for Fig. 1 differing only in that 7.1 units of en- 
zyme and an incubation period of 5 minutes was used. Prior to the adk lition of trypsin, the inhibitor and the 
substrate were preincubated with enzyme for 20 minutes. Where applicable 1 mM TPN was included and was 
present during the incubation period. After the addition of trypsin inhibitor and prior to assay, arsenite was ef- 
fectively removed by incubation for 10 minutes in 10 mM 2,3-dimercapto-l-propanol. Similarly, p-chloromercuri- 
benzoate was eliminated by incubation with 10 mM mercaptoethanol. 


Figure 2. Under the conditions used, i.e., TPN concentration of 1 KX 10-* M, a 
Kk, of 6 X 10-4 M is obtained for arsenite® and. a K,, of 2.7 X 107° M for succinic 
semialdehyde. 

DPN-enzyme: When the DPN-succinic semialdehyde dehydrogenase was treated 
with trypsin in an analogous manner (Table 3) DPN was found to afford protection 
against inactivation. Similar findings had been obtained previously with respect to 
protection by DPN of glyceraldehyde phosphate dehydrogenase treated with tryp- 
sin.” 


TABLE 
Errect oF TRYPSIN ON-THE DPN-ENZYME 
Incubation Conditions Relative Rate, % 


No treatment 100 
2 minutes, no pyridine nucleotide 25 


2 minutes, 3.3 « 1073 M TPN 27 

2 minutes, 3.3 x 107° M DPN 51 
Incubation at 23° in a total volume of 0.6 ml containing 10 units of the DPN-enzyme, 0.01 mg of trypsin, 50 
umoles of tris (hydroxymethyl)aminomethane chloride at pH 8.0, 5 umoles of mercaptoethanol and the additions 


noted above. The reaction was terminated with 0.4 mg of trypsin inhibitor and appropriate aliquots were taken 
for the determination of residual enzyme activity. 


Hydride shift mechanism: An attempt was made to determine whether the hy- 
drogen transfer from succinic semialdehyde to pyridine nucleotide involves a hydride 
ion or whether an exchangeable hydrogen participates. Levy et al.'° have presented 
evidence for the former mechanism in the case of a liver aldehyde dehydrogenase. 

Accordingly, the oxidation of succinic semialdehyde was allowed to proceed in 
tritiated water with the object of measuring tritium incorporation into pyridine 
nucleotide. After removal of easily exchangeable tritium by repeated equilibration 
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with and removal of water, DPNT formed during the oxidation was allowed to 
equilibrate with water in an exchange reaction catalyzed by diaphorase.'» '* 
Fifteen units of the TPN-enzyme, 5 umoles of mercaptoethanol, 10u moles tris(hy- 
droxymethyl) aminomethane chloride at pH 9.0, 4 umoles of DPN,'* and 2 umoles 
of succinic semialdehyde in a total volume of 1.0 ml of tritiated water containing 20 
me of tritium, were incubated at approximately 23°. After two hours of incuba- 
tion, an additional 2 umoles of succinic semialdehyde were added. After a total of 
5 hours an aliquot was removed for the determination of DPNH (3.75 umoles had 
been formed) and the solution was frozen and lyophilized. Two ml of water were 
added, the mixture frozen and again lyophilized. This procedure was repeated seven 
times. A control reaction, included in parallel with the above experiment, differed 
only in that an equal amount of boiled enzyme was substituted. At each of the last 
three lyophilization steps, the water recovered from both the control and the ex- 
perimental vessels contained approximately 0.01 watom of tritium. After the eight 
lyophilization, each of the dried powders was found to contain 0.12 watom of tritium. 
Since 2.75 vatoms would have been the theoretical expected yield from the experi- 
mental vessel, the results clearly point to a direct hydride transfer of the type amply 
documented'* for most dehydrogenases. Incubation of each of the residues for six 
hours with 0.5 ml of water and 2 mg of diaphorase followed by lyophilization, allowed 
the accumulation of 0.017 and 0.014 yatom of tritium for the experimental and 
the control vessel, respectively, a result in keeping with the above conclusion. 
Discussion.—Based on the assumption that the binding of TPN is the same for 
catalytic activity of succinic semialdehyde dehydrogenase and for “activation’’ of 
proteolysis by trypsin, the data presented here indicate that TPN is not bound to a 


sulfhydryl group of the enzyme. Under conditions where reduced disulfide groups 
(arsenite inhibition) and all other available sulfhydryl groups (p-chloro-mercuri- 
benzoate inhibition) are occupied, TPN still serves to increase the rate of proteolytic 
inactivation. Furthermore, TPN does not compete with arsenite for a place on the 


enzyme. 

Previous work has indicated several properties which are held in common by the 
aldehyde dehydrogenases. With regard to the TPN linked succinic semialdehyde 
dehydrogenase the following characteristics, many of which are applicable to alde- 
hyde dehydrogenases in general, must be considered: (1) A ternary complex is 
formed between enzyme, pyridine nucleotide, and aldehyde.® '* (2) Arsenite in- 
hibits catalysis suggesting the presence of closely positioned sulfhydryl groups." * * ® 
(3) Aldehyde and arsenite compete for the sulfhydryl groups involved. (4) In- 
creasing concentrations of aldehyde are inhibitory*—*; where this has been tested it 
was found that only those aldehydes which act as substrates were inhibitory at the 
relatively low concentrations used.‘ (5) Pyridine nucleotide is not bound to a 
sulfhydryl group of the enzyme. (6) Hydrogen transfer from aldehyde to pyridine 
nucleotide involves a hydride ion rather than a proton." 

By these criteria it has been possible to rule out a mechanism which is broadly 
analogous to that proposed for lipoate mediated reactions,'® "’ i.e., one involving the 
addition of an aldehyde across a disulfide bond resulting in the formation of a thiol- 
ester with subsequent hydrolysis followed by the pyridine nucleotide linked oxida- 
tion of the two SH groups. Such a sequence would allow equilibration with water of 
a proton on the SH group and is, therefore, untenable. 
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A reaction mechanism consonent with the preceding qualifications is presented 
below: 
L—TPN TPN --TPNH —TPNH --TPNH 
H | 
RCHO 7 


‘ 


—SH ———> S— C—R— ,__S—C RR) —S§ 
OH OH 
SH 


+H,0 
| — RCOOH 
+ 


| TPNH 
SH 
SH 

F 

This series of reactions provides a role for both SH groups and proposes a transient 
ortho acid (D) as an intermediate. It is considered that if aldehyde substrates were 
to combine with both sulfhydryl groups, inhibition of catalytic activity would result. 

The mechanism outlined cannot be distinguished from one in which intermediate 
B is oxidized directly to a thiolester followed by hydrolysis," i.e., where only one 
sulfhydryl group participates directly. Both of these sequences, therefore, bear 
consideration as simple approximations which are in agreement with the data now 
available. 

Summary.—When pyridine nucleotides combine with succinic semialdehyde 
dehydrogenase the enzyme is rapidly inactivated by trypsin; inactivation in the 
absence of pyridine nucleotide is slow. This phenomenon has been utilized to study 
the binding of the substrates to the enzyme. Some characteristics of arsenite- 
sensitive aldehyde dehydrogenases are described and simple approximations of reac- 
tion mechanisms are proposed. 

* Public Health Service Research Fellow of the National Institute of Arthritis and Metabolic 
Diseases, National Institutes of Health, United States Public Health Service, Bethesda, 
Maryland. 
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ORGANIC MATTER IN THE ATMOSPHERE, AND ITS POSSIBLE 
RELATION TO PETROLEUM FORMATION 
By F. W. Went 
MISSOURI BOTANICAL GARDEN, ST. LOUIS 
Communicated December 23, 1959 

The fate of most major plant products, such as carbohydrates, fats, and proteins, 
is well known. They are synthesized from CO., H.O, and mineral compounds, and 
ultimately are broken down to CO, and H,O again along well-known biochemical 
pathways. Only the breakdown of cellulose and lignin to humus products is less 


well understood. 
Organic Volatile Matter in Atmosphere.—The fate of one major group of plant 


products, the derivatives of isoprene (terpenes, including sesqui-, di- and triterpenes, 
-arotenoids, rubber and phytol) is, however, almost completely unknown. In the 
plant no enzymes are known that are able to break down these hydrocarbons or near- 
hydrocarbons. Once produced, they remain in the plant until the death of the 
cell or evaporate into the air. Even after release from the cell, nothing is known 


about their fate. 

In the case of rubber, it is known that with age a certain degree of depolymeriza- 
tion of the long hydrocarbon chains occurs, leading to a sticky resin-like material 
containing some volatile products. Neither rubber, nor terpenes, nor carotenoids 
are attacked by any known microorganisms. About carotenoids, we know that 
when crystalline 6-carotene is left exposed to the air it gradually decomposes to a 
white powder. This is due to autoxidation.' Each mole of carotene gives off 
0.64-0.85 mole CO... In an earlier paper, Escher? showed that in carotene oxidation 
a catalytic agent is formed which causes it to deteriorate more rapidly once it has 
started. The O, taken up did not agree with the oxygen content of the oxidation 
product, indicating that part of the carotene had been volatilized during its oxida- 
tion. Actually a strong odor of ionone develops upon the autoxidation of carotene 
(the end-rings of the carotene molecule when split off would produce ionone). 

There are indications that in nature this type of decomposition of carotenoids 
also occurs. An aerial epiphytic alga, Trentepohlia, is brilliantly brown-orange in 
color and is very rich in 6-carotene (personal communication of Dr. L. Zechmeister). 
When these algae are kept dry in the laboratory, they decolorize and turn a grayish 
white, giving off a strongly aromatic odor. The Trentepohlia occurring in Central 


r 
oJ 





Vox. 46, 1960 BOTANY: F. W. WENT 213 


Europe is actually called ‘“Veilchen Alge’’* due to its strong ionone odor, suggesting 
that there is a continuous carotene-decomposition in the older cells giving rise to 
volatile hydrocarbons, predominantly ionone. 

The carotene, left in the leaves after they have dropped off plants in autumn, is 
also at least partly decomposed by depolymerization, as the very aromatic odor of 
the forests in late autumn suggests, when again ionone-like products are released. 
Therefore the only known mechanism by which rubber and carotenoids can disappear 
after death of the cell is depolymerization and volatilization, which conceivably 
could lead to complete disappearance of these compounds by evaporation into the 
air. 

It should be mentioned that carotenoids, terpenes, and rubber can also be re- 
turned to the carbon-cycle by burning. This has become a major factor in their 
disappearance since the advent of man; yet, in the over-all balance of nature, 
burning can account for the breakdown of only a fraction of all plant materials. 

With how much organic material are we concerned when considering these non- 
metabolized plant products? Plant tissues, on a dry-weight basis, contain on the 
average 0.1 per cent carotenoids. To this has to be added the phyty] of chlorophyll, 
which adds another 0.05 per cent. Since the total dry weight of carbon compounds 
produced per year by all land plants is 5 X 10” tons, carotenoids and phytol are 
formed on earth at the rate of 7.5 X 10% tons per year. 

Only a very small fraction of all terpenes and resins formed remain in the earth 
crust, in the form of amber, kauri, or other resins. The rest disappears, again 
presumably by the only known mechanism—volatilization into the air. 

There are several ways in which an estimate can be made of the amount of 
volatile organic matter which may be emitted into the atmosphere. The most ac- 
curate estimates can be based on actual measured emissions. Haagen-Smit (per- 
sonal communication) analyzed air which had passed over shrubs of Artemisia 
tridentata and found a release of organic carbon (absorbed as CO, after combustion) 
which amounted to about 50 kg per day per km? of vegetation. This figure is 
reasonable if we assume that similar vegetation would produce about 1000 kg dry 
matter per km? per day. This would mean that about 5 per cent of all photo- 
synthates formed would be released as hydrocarbons in the highly aromatic sage 
brush vegetation. By assuming that on the average these sage brushes would 
produce these terpenes at the measured rate for 100 days/year (which is about their 
period of active vegetation), then sage brush would produce 5 tons of volatile 
organic matter per km? per year. ‘This particular type of vegetation covers ap- 
proximately 2 X 10° km? in the Western United States, and would therefore ac- 
count for 10° tons of volatile organic matter per year. 

It is likely that coniferous forests produce at least as much volatile matter per 
km?*. With a total area of 10’ km? on the whole earth surface, they would actount 
for 5 X 10’ tons of terpenes released into the atmosphere per year. Adding to this 
an equal amount of volatile hydrocarbons for all the rest of the vegetation of the 
earth (3 X 10’ km? hardwood forests, 3 X 10’ km? of cultivated land, and 3 & 10 
km? of steppes) we arrive at a conservative figure of 10° tons of volatile organic 
matter released into the atmosphere per year. 

When we add now to these 10° tons of volatile hydrocarbon-like compounds 


oe 


synthesized by plants, the 7.5 X 10’ tons of volatile products presumably formed 
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from carotenoid decomposition, then we arrive at a total of 1.75 X 108 tons of 
volatile organic materials released each year into the air. This does not take 
into account the materials, presumably volatile too, which come from decomposi- 
tion of rubber and resins (world production approximately 2 X 10° tons/year), 
and all other similar products not harvested in the natural vegetation (e.g., resins 
in northern coniferous forests). 

There are several other volatile organic compounds, such as simple acids, alcohols, 
esters, amines, etc., which have not been considered since they have known bio- 
chemical pathways for their decomposition. 

Fate of Molecularly Dispersed Organic Matter in Atmosphere.—We come now to 
the question—what happens to the 1.75 X 10° tons of terpene-like hydrocarbons or 
slightly oxygenated hydrocarbons once they are in the atmosphere? They persist 
for some time after their release, as the pungent smell of steppes and semi-deserts, 
the sweet odor of meadows, or the aromatic smell of pine forests, indicate. Yet, 
they do not accumulate in the atmosphere, since we do not smell or analyze them 
in air samples taken some distance away from the vegetation. Besides, in case 
they persisted, such quantities of combustible material would, in the course of a 
million years, accumulate to an explosive mixture. Therefore, mechanisms must 
exist by which this volatile material is removed from the air, similar to the disap- 
pearance of smog. The following possibilities of removal of these organic materials 
from the air exist: 

(1) Decomposition to CO, and H,O. This is possible only at high temperatures 
(burning); otherwise these compounds are completely stable, as storage of terpenes 
in bottles indicates. 

(2) Such decomposition is theoretically possible at lower temperatures with the 
aid of catalysts. However, no plant enzymes are known which break down ter- 
penes, carotenoids, skatol or mercaptans, and none could be expected in the air. 

(3) Only few inorganic catalysts are present in the air. Of these the nitrogen 
oxides are probably the most important, but they are unable to cause complete 
oxidation either. 

(4) Adsorption of these compounds on surfaces might be considered, but the 
only available surfaces would be leaves and branches, from which they were re- 
leased in the first place. Besides, such surfaces do not acquire an aromatic odor. 

(5) Condensation and precipitation of these terpenes is a possibility to remove 
them from the atmosphere. It is believed that in conjunction with mechanism 6 
this is the only feasible pathway. 

(6) Short wavelength radiation can impart enough energy to any organic com- 
pounds to make them reactive, as will be discussed at greater length. Studies 
carried out during the last 10 years, and spearheaded by the work of Haagen-Smit, 
have acquainted us with the chemical reactions of very low concentrations of 
olefins in the atmosphere. Ultraviolet light, or visible light in the presence of 
nitrogen oxides, will cause the formation of peroxides and ozonides of these olefins. 
These decompose then under ozone production.‘ At the same time condensation 
occurs, causing the formation of a blue haze due to larger molecular aggregates. 

These phenomena, formation of peroxides, ozonides, ozone, and blue haze, are 
typically associated with Los Angeles (and other metropolitan areas) smog, due to 
release of olefins and nitrogen oxides from petroleum products and combustion, 
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all corollaries of human activities. In the Los Angeles area, as much as 1500 tons 
of volatile organic compounds are released daily into the atmosphere. This amounts 
to 5.5 X 10° tons per year, or for all human activities on earth about 2 X 10’ tons/ 
year, which is about one tenth of all volatile organic material released into the 
air all over the world, and compares with the 5.7 X 10" tons of air in the atmosphere. 
Therefore, each year the whole atmosphere receives about one thirty-millionth of its 
weight in extraneous volatile material. 

The break-through of our understanding of the nature of smog came as Haagen- 
Smit demonstrated that oxidation of olefins with ozone produced a blue haze, with 
a typical smog odor, causing eye irritation, and inducing plant damage,> in all 
details like city smog. This ozonization causes addition of ozone to the double 
bond of olefins, or breakage of the molecule at the double bond, and condensation 
of the ozonides or peroxides formed (as mentioned under the nitrogen oxides- 
‘atalyzed light-oxidation of olefins). Therefore ozone treatment of olefins serves 
as a convenient experimental model of what happens in the atmosphere with olefins. 

For this reason similar experiments were performed with ozone and volatile 
plant products. * To this end, jars were filled with dilute ozone and placed against 
a black background. A strong light placed along the side of the jar showed up haze 
formation. As soon as slightly crushed pine or fir needles were dropped into the 
jar, a blue smoke started to envelop the needles and slowly filled the jar. Crushed 
oak or maple leaves did not produce the blue smoke, whereas leaves of Rutaceae 
and other families with essential oils produced the blue smoke. A spectacular dis- 
play of smoke streamers in the jar was caused by twisting an orange peel inside: 
every ejected oil droplet left a trace of blue smoke, like high-energy particles in a 
Wilson cloud chamber. These experiments show that plant parts, rich in volatile 
oils, produce a bluish smoke around them upon ozone oxidation, whereas other 
plants, without oil, do not. 

Not only through ozonization are blue hazes formed with organic vapors, but 
this happens quite generally when the latter are exposed to strong light, rich in 
actinic rays. This was demonstrated in 1869 by John Tyndall in his well-known 
experiments, producing the Tyndall-effect, as it was later called. He showed that 
almost any organic vapors present in air will condense to submicroscopic particles 
when a strong beam of light passes through it. Independent of its chemical iden- 
tity (amylnitrite, benzene, carbondisulfide, butylnitrite, allyliodide, isopropyliodide), 
a “blue cloud” formed when strong light passed through a sufficiently diluted vapor. 
This “blue cloud” consisted of particles of less than 0.1 » diameter, which reflect 
predominantly blue light. The fact that this is reflected light is demonstrated by 
its polarization. 

The more dilute the organic vapor is the deeper blue the haze formed in the light 
beam, and the longer it takes to be formed. This means that the low concentra- 
tions of organic matter emitted into the atmosphere might take hours to produce 
a haze. Tyndall also observed that the longer the organic vapors were subjected 
to light, the whiter the haze became, because gradually also the longer wavelengths 
were reflected. This indicated that in light the haze particles gradually grew to a 
size of about 1 yu. 

From these model experiments with ozone and light we can conclude that partial 
oxidation, followed by condensation to macromolecular aggregates and submicro- 
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scopic particles, is the only demonstrable and conceivable fate of the bulk of the 
volatile matter produced by plants. In this respect they behave like olefins re- 
leased by man, and resulting in smog. We can therefore ask, to what extent obser- 
vations in nature support this conclusion. 

Blue Hazes in Atmosphere.—In nature we find that blue haze formation is very 
common during daytime, and everywhere over vegetated areas this haze, which is 
often called summer haze, or heat haze, can be seen, except during or immediately 
after storms which have brought in clean, completely colorless, and transparent air. 

The formation of this blue haze can often be observed directly. In the early 
morning, after a warm, windless night, visibility at ground level near the vegetation 
may be very high. Almost as soon as the first sun rays hit the ground, a more or 
less dense blue haze appears. This haze is also formed under dry conditions, and 
is not a mist or a dust, as its bluish color indicates. It is apparently due to the 
partial oxidation of the organic vapors which accumulated during night in the thin 
air layer below the night inversion. During day the vertical mixing of the air 
usually makes it difficult to identify the vegetation cover as the source of the haze, 
but occasionally, on a windless day, a slightly denser haze can be observed just above 
the ground, and in mountainous areas the densest haze on calm days is seen in the 
valleys, whereas the mountain tops and ridges are always much clearer. 

Leonardo da Vinci, who very clearly described this bluish haze, also noted that 
exhalations of plants were its source, only he believed that it was the moisture 
given off by them. But water vapor cannot possibly be the basis for this haze 
for (1) it occurs predominantly in a dry atmosphere; (2) its bluish color indicates 
submicroscopic size of the particles, whereas the smallest mist droplets, which are 
more or less stable, have a diameter of 5 u; (3) clouds and steam exhaust remain 
clearly distinct in an atmosphere of bluish haze, and do not blend with the haze; 
and (4) over oceans no such blue hazes occur, but light white hazes apparently due 
to microscopic salt particles are frequent. 

In the preceding paragraphs the fate of the volatile organic materials given off by 
plants was shown to be a bluish haze, and conversely the bluish heat haze hanging 
especially during summer and fall over continents was identified with these plant 
emanations. This heat haze is not due to human activities, and regularly occurred 
in previous centuries (before industrialization) as indicated by landscape paintings, 
especially since the 17th century (e.g., Albert Cuyp, Turner, Monet), and by 
Leonardo da Vinci’s descriptions in his notebooks. Tyndall, in his lecture on ‘“New 
chemical reactions produced by light,’’® also suggests that most of the blue color of 
the sky is due to reflection of light by particles. 

These hazes, in a very dense form, can be seen over uninhabited areas (jungles 
of N. Colombia, the Amazon basin, the Gran Chaco) and therefore are not due to 
fires or dust. They are completely uniform in intensity and therefore are not trace- 
able to point sources of emission. Smoke from factories or large forest fires can be 
traced for dozens of miles, and always remains as a band of pollution which never 
completely blends with the surrounding air. The haze occurrence over jungles also 
excludes dust as their source. Since these hazes always are restricted to the air 
below the main temperature-inversion layer, their source has to be terrestrial, 
and, neither cosmic dust nor long-range transport through the upper atmosphere can 
account for them. 
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In view of the extraordinary toxicity of smog products, the question is pertinent 
whether the hazes due to natural vegetation have a deleterious effect on plants. 
In the ease of smog, it was shown’ that, whereas high concentrations cause both 
lesions on leaves and growth retardation, lower concentrations may be symptomless, 
but they reduce growth rates of even rather smog-insensitive plants (tomatoes). 
A physiological disturbance of sensitive tobacco varieties—the so-called “weather 
fleck’’—occurs under conditions that dense heat hazes are produced, well away from 
human activities. It should be attributed to the toxicity of the heat haze, resulting 
from emanations of plants. If such leaf lesions can be produced by heat haze, it is 
likely that they reduce growth of the natural vegetation as well. It is therefore 
suggested that in nature a certain growth control of other plants is exerted by par- 
tial oxidation of volatile products of neighboring plants. 

The molecularly dispersed organic gases are gradually condensed to haze particles, 
and thus the air is swept clean of these gases. But what happens to these haze 
particles? 

A newly formed haze is light blue in color, indicating that particle size is well 
under that of the wavelength of light, and probably < 0.1 4. Chemically they can 
be expected to be of asphaltic or bituminous nature, with complicated and unpre- 
dictable ring structures. All double bonds can be expected to be saturated, first 
by addition of oxygen, and then by condensation. It is also possible that the ultra- 
violet rays produce free radicals which react with each other without any interme- 
diate peroxide formation. 

The asphaltic products thus formed are almost completely inert chemically, 
and cannot be broken down. Therefore they can only disappear from the atmos- 
phere by precipitation. This can occur with rain or snow, provided rain droplets 
or snowflakes form around the haze particles. The number of rain drops or snow- 
flakes is much too small (by a factor of perhaps 10°) to precipitate the haze particles. 
Therefore a further condensation process must occur. This apparently takes place 
(1) through continued irradiation, as Tyndall had found, and (2) in the inversion 
layer when cumulus clouds are forming. Whereas normally the haze particles are 
coalescing at a very slow rate, the mist droplets formed around haze nuclei in the 
cloud are rapidly coalescing, disappearing and reforming, and during that process 
the haze particles become concentrated. This results in an accumulation of the 
haze in the location of cloud formation, or in the inversion layer. It also results 
in a color change from the indistinct blue of the < 0.1u particles to yellow, brown, 
or black particles of > 0.5 u diameter. From a plane flying at the height of these 
condensed haze layers, they are very distinct, and sometimes several layers, at 
200-500 m intervals, can be seen; occasionally as many as seven have been observed 
one above the other, but the usual number is 0, 1, or 2. These dark haze layers 
probably coincide with the primary and secondary inversion layers. 

When, since the last change of air mass, no cumulus clouds have been produced 
in the inversion layers, no denser yellow or brown thin haze layers occur. Where- 
as the diffuse blue heat haze layer only occurs over land masses or immediately 
adjacent seas, the higher thin yellow or brown haze layers can be seen over oceans 
as far as 2,000 km away from land (e.g., west of California over the Pacific Ocean, 
west of Ireland over the Atlantic). Sometimes thin clouds form in the upper haze 
layers, which then are not white, but gray in color. 
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When rain or snow originates in these haze layers, the droplets or ice crystals 
will usually form around the haze particles, which thus become precipitated on the 
earth. Of all solid material contained in rain over the continental United States, 
only a quarter is water soluble and consists of NaCl or (NH,4).SO,; the rest is 
water-insoluble and a considerable part is combustible. In Swedish rainwater 
43, 58, and 71 per cent of the residue was organic.* About 70 per cent of the snow- 
nuclei in Japan disappear upon combustion. Of the solid material accumulating 
on the Greenland Ice Cap’ or the floating ice islands in the Arctic Ocean, 5 to 7 per 
cent is organic. This is not organized mattersuch as pollen grains, bacteria, spores, 
or lint, but is a thin coating of oily material, often deep-yellow in color, on dust and 
clay particles, which makes them stick together and prevents them from displaying 
Brownian movement. These observations were made on two samples of surface 
dirt collected by Norman Goldstein on the ice island T-3, floating in the Arctic. 
One sample was marked as coming from a moraine, but it did not contain larger 
particles and was doubtless atmospheric dust, like the other sample. Chemical 
analysis gave: 

Analysis of organic matter 


Sample 1, Sample 2, 
7o % 


Combustible matter 6.9 6.0 

, 35.6 30.9 
H 14.3 11.9 
N 15.4 11.5 
O (by difference) 34.7 43.1 


This leads to an approximate composition CsHysN.O0;, or assuming that the 
sample was not completely dry, CeHieN». 

On glaciers and permanent snow fields, much solid material accumulates, which 
is partly dust, partly a brown, or black asphalt. 

Blue Hazes as the Source Material for Petroleum Formation.—The above observa- 
tions indicate the probable fate of the haze particles once they have become pre- 
cipitated with rain. They attach themselves to solid surfaces with which they come 
in contact, and therefore form part of humus, and of the upper clay layer of the soil. 
Whereas the cellulose and lignin content of humus and peat gradually decreases 
with age due to bacterial action, the asphaltic or bituminous materials remain 
largely unaltered, and thus the caloric value of peat and bituminous coal gradually 
increases with age. These bituminous deposits in the upper layer of undisturbed 
soil may account for its low wettability. 

The material normally carried away by erosion with river water must contain 
the bituminous material washed down with the rain, usually attached to the clay 
particles. Thus it becomes deposited with the fine silts and clays in delta areas. 
It is suggested that this material is a source material for petroleum formation. 
This hypothesis, at least partly, replaces the generally rejected hypotheses of fats, 
oils, bacteria, and products of activities of marine organisms accounting for the 
source material of oilformation. It involves: 

(1) The distillation of hydrocarbons or slightly oxygenated hydrocarbons 
produced by land plants into the air. 

(2) Their return to the earth after condensation to large molecular aggregates 
(bitumens) through rain or snow. 
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(3) Their accumulation in delta areas in conjunction with silt and clay deposi- 
tion. 

(4) Transformation of the bitumens or asphalts into petroleum hydrocarbons. 

This hypothesis accounts for 

(a) The largely marine or lacustrine origin of oil. 

(b) The constant association of source materials of petroleum formation with 


fine silts or clays. 

(c) The high asphaltic content of young petroleum deposits. 

(d) The lack of correlation between predominantly straight-chain fatty acids 
(or hydrocarbons) with even-numbered carbon compounds produced by living 
organisms, and the branched-chain odd-numbered carbon chain so common in 
natural oils. If they have their origin in complicated addition products like bi- 
tumens or asphalts, there would be no anomaly. 

(e) The C' content of petroleum is even less than that of land plants, and very 
much lower than that of marine organisms. This is accounted for by the lower 
C'8 content of fats and other compounds high in H compared with carbohydrates 
in higher plants," and indicates land-plant origin of petroleum source-materials. 

(f) The strong positive correlation between periods of coal formation (land 
plant predominance) and petroleum source materials. 

(g) The failure of microorganisms to destroy the source materials for petroleum 
formation. 

(h) The quantity of oil resources of the world (10" tons) can be accounted for 
even if only a small fraction of all organic volatiles return to earth, and if only a 
small fraction of this material finds its way into petroleum deposits (total volatile 
material produced during geological ages—over 10" tons, total organic content of 
rocks perhaps 10'* tons, total petroleum reserves 10" tons). 

Meteorological Implications of the Organic Hazes.—The hypothesis of the heat 
haze being due to condensation of volatile organic substances produced by land 
plants, has many meteorological implications. 

1. The dense haze layers formed in the primary inversion layer, normally 
1,000-3,000 m above the continents, may be structures which absorb sufficient 
radiation to cause the inversion layer to be warmer than the adjacent layers. 
Thus the inversion layer would be both a product of accumulation of haze particles 
and the cause of their accumulation. A layer of air with a higher temperature 
at a greater height can be accounted for in only 2 ways: (a) by overlayering a 
cool air mass with a warmer one, or (b) by heat absorption at higher altitudes 
in the atmosphere, which is only possible in the presence of absorbing materials. 
As such only dense haze layers can be considered, since other absorbing materials 
(H,O and CO,) change continuously with height, and not discontinuously, like the 
haze layers. The much warmer ozone layer in the stratosphere owes its existence 
to U.V. absorption. 

2. Cloud formation at intermediate heights in the atmosphere is possible only 
in the presence of condensation nuclei. As such NaCl particles have been shown 
to be highly effective. But their concentration decreases rapidly over the con- 
tinents, as one becomes further removed from seas or oceans. Yet cloud formation 
is not reduced. Therefore, continents have their own source of condensation 
nuclei. As such, haze particles might be most effective. This is also suggested 
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by the fact that the incomplete combustion products of a Bunsen burner are among 
the most effective condensation nuclei. 

3. The often-assumed correlation between vegetation and cloud formation 
might be a result of condensation nuclei formed from plant emanations. Certain 
types of vegetation might conceivably be more effective in producing clouds than 
other types, depending upon production of volatile products. 

4. Certain localities in the world have much lower temperatures than geograph- 
ical latitude and altitude would make one expect. Lima, Peru, at 12° 8.L., and 
at sea level, e.g., should, according to total sun radiation, have an average tempera- 
ture of 27—-28°C, whereas the actual temperature, throughout the year, is about 
19°C. This low temperature (at very low precipitation, 20 mm per year) is 
apparently due to strong absorption of the sun’s radiation by heavy haze layers, 
which extend to 3,000 m or higher. 

5. The organic hazes account for the frequent visibility of sunrays against a 
partially cloudy sky. This is not due to water vapor, which is strictly invisible 
until it becomes condensed to a cloud, which then is fully opaque (except at alti- 
tudes above 10 km, where the moisture content is so low at the low prevailing 
temperatures that only transparent cirrus-clouds can exist). 

6. Red sunsets and “‘Alpengliihen” are due to scattering of the blue sunrays by 

haze, leaving only the yellow and red rays to penetrate the 5—6 air masses at sunset. 
At sunrise, haze formation is only slight, and therefore sunrises are less colorful than 
sunsets. Tyndall® was the first to suggest this explanation. Yellow or bleak sun- 
sets suggest a high dust content of the air. 
7. The light-blue color of the sky at low altitude and especially in vegetated 
areas is partly due to organic hazes. In deserts and at high altitudes the sky is 
deep blue or violet, due to a limited molecular scattering of blue light, but without 
the haze scattering component. 

8. In addition to the ozone peak in the stratosphere, there is a secondary peak 
in ozone concentration near the surface of the earth. The former peak is due to 
U.V. absorption, the latter can be attributed to ozone liberation upon light oxidation 
of volatile plant products, much as ozone is liberated during smog formation. 
The often-claimed high ozone content of the air in coniferous forests can thus be 
accounted for. 

Conclusion.—The argument of this paper is built largely on general observations in 
nature, especially from airplanes, on analogies with smog research, on scattered 
literature references, and to only a very limited extent on experiment. The argu- 
ment was gradually developed during the last 6 years, and was occasionally men- 
tioned in semipopular papers.''!: !2 The main reason why it is now presented is that 
it connects a large number of apparently disconnected facts and phenomena, in 
many different disciplines. Since the author is unable to carry out work in most of 
these fields, he could not hope to produce a better documented and experimentally 
supported paper. Instead of desisting from publishing it, it is now presented in the 
expectation that future research will either support or discard the main features of 
the developed hypothesis. As examples of the type of data which would be critical, 
van be mentioned : 

1. Chemical and physical analysis of the heat haze and the thin dense haze 
layers at higher altitudes, the analysis specifically to take into consideration the 
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organic chemical composition. Thus far the analysis of particulate matter of the 
atmosphere has mainly concerned organized or inorganic matter. 

2. Carbonisotope analysis of different fractions of natural oil deposits. On 
the basis of the material presented, it is to be expected that the porphyrins in such 
oils would have a 1 per cent higher C'* content than the petroleum fractions. 
For the porphyrins would definitely not be distilled over, as the asphaltic compo- 
nents are, and therefore would have been dissolved out of marine organisms in the 
sediments into the asphalts or oils of land plant origin. 

3. Have the flashes of lightning something to do with the organic content of the 
air, which is particularly high during thunderstorms, as evidenced by the haze 
present? 

4. To what extent do the organic emanations of plants have to do with cloud 
formation, especially in cumulus and orogenic clouds? 

Summary.—It is shown that per year approximately 2 X 10° tons of volatile 
plant products are released into the air. In view of the lack of any mechanism 
by which these volatile products (predominantly terpenes) can be oxidized to 
CO, and H,O, and in view of the fate of gasoline vapors in the air of cities, and 
based on direct experiments, it is shown that these volatile plant products become 
particularized in the atmosphere. This condensation process is dependent upon 
sunlight and partly upon the presence of nitrogen oxides. 

This condensation leads to the “heat’’ or “summer haze” formation present 
over all vegetated areas. Ultimately the haze particles become precipitated on the 
earth by rain and snow. It is suggested that this material, bituminous or asphaltic in 
nature, is a source material for petroleum formation. Also many meterological 
facts are explainable on the basis of hazes derived from land plants. 


I want to thank many colleagues for supplying data in fields with which I am 
unfamiliar. This is particularly the case with Dr. A. J. Haagen-Smit, Dr. A. J. 
Eardley, and Dr. V. Schaefer. Special information was supplied by Dr. L. Zech- 
meister, Dr. C. E. Junge, Dr. R. Sharp, Dr. S. Epstein, Dr. R. Park, and Dr. 
F. N. Frenkiel. 
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NONRANDOM ASSORTMENT IN PRIMARY NONDISJUNCTION 
IN DROSOPHILA MELANOGASTER 


By C.irrorp ForRBES 
DEPARTMENT OF BIOLOGICAL SCIENCES, UNIVERSITY OF IDAHO, MOSCOW 


Communicated by Curt Stern, December 23, 1959 


Sturtevant! and Cooper, Zimmering and Krivshenko? have reported that females 
heterozygous for inversions in the X chromosomes and in the autosomes have greatly 
increased frequencies of primary nondisjunction. As an explanation Cooper, 
Zimmering, and Krivshenko have proposed that nonhomologous pairing may take 
place when two different chromosome pairs are heterozygous for inversions. The 
dissociation of these complexes results in randomly directed univalents and apparent 
nondisjunction of the X chromosomes. Sandler and Novitski* have found that the 
presence of an extra fourth chromosome increases the frequency of primary non- 
disjunction. They indicate that homologies in the heterochromatin may bring 
about pairing between the extra fourth chromosome and an X chromosome, thereby 
causing nondisjunction of the X’s. Grell‘ has shown in such individuals that a free 
fourth chromosome usually segregates from the two X chromosomes in the ex- 
ceptional progeny. 

Grell®* and Oksala’ have reported nonrandom assortment of the Y chromosome 
and structurally heterozygous autosomes. In Oksala’s data the distribution of the 
Y chromosome was not random in the progeny of females heterozygous for the in- 
version-translocation complex Jn(2L + 2R)Cy/T(2;3)rn. Instead the majority of 
the Y chromosomes were found in females which did not receive the Curly inver- 
sions. Oksala explains the distribution by assuming that the Y pairs and segre- 
gates from the Curly inversion chromosome. Due to the difficulty of formation of 
an inversion loop in a translocation heterozygote, the chromosome having the Curly 
inversions encounters the greatest difficulty in pairing. He assumes that the Y 
pairs with the heterochromatic block of the unpaired second chromosome and segre- 
gates from it. The resulting segregation produces the nonrandom distribution of 
the Y chromosome among the progeny. 

If nonhomologous pairing is a factor in primary nondisjunction, then in II-III 
inversion-translocation complexes the unpaired chromosome would pair with one or 
both X chromosomes. The resulting distribution of the autosomal factors would be 
nonrandom among the female and male exceptions. The present work reports this 
finding. 

Nondisjunction with Translocations and Inversions.—The data for the primary 
nondisjunction of five sex-linked genotypes with one or more autosomal inversion- 
translocation complexes are presented in Table 1. Data for several of the sex-linked 
inversion genotypes with either a translocation or an inversion are also included. 

The distribution of the autosomal inversion and translocation phenotypes among 
the female and male exceptions is not random. Instead the exceptional females 
have only one autosomal phenotype while nearly all the males show the other. As 
patroclinous males can also arise from crossing over within sex-linked inversions the 
presence of some exceptional males of both types is to be expected even though only 
one kind of exceptional female is found. With 7'(2:3)101 (Fig. 1A) the exceptional 
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females received the translocation while nearly all of the exceptional males have the 
Curly inversions. Exceptional offspring with 7'(2;3)Xa (Fig. 1B) have the oppo- 
site phenotypes, that is the female exceptions received the Curly inversions while 
almost all of the male exceptions received the Xasta translocation. 

The frequency of nondisjunction is dependent on the sex-linked genotype for 
females having autosomal inversions heterozygous with translocations. The lowest 
frequencies were found with structurally homozygous X chromosomes (cross 1 and 
2). With structurally heterozygous X chromosomes the frequencies were much 
higher. The per cent of exceptional offspring for cross six (16.9) is possibly the 
highest value yet reported for primary nondisjunction. 

The nondisjunction of these same sex-linked genotypes was considerably less 
when the autosomal inversion was heterozygous with nontranslocated chromo- 
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Fia. 1.- -Diagrams of, (A), the Cy/T(2;3)101 and, (B), the Cy/T(2;3)Xa genotypes in meiotic 
pairing. Distances are based on proportions of sections in salivary gland chromosomes. 


somes. With heterozygous y ac pn In49 v B™" (cross 8) the per cent of exceptions 
was 3.65 compared to 16.9 with both Curly and the translocation. 

When either translocation was heterozygous with noninverted autosomes (crosses 
9 and 10) the segregation of the structurally heterozygous Jn(1)dl49 was essentially 
normal. These results indicate that the mere presence of a translocation is not 
sufficient to bring about primary nondisjunction, even though the translocation 


contains inverted segments. 

The Mechanism of Primary Nondisjunction.—The results obtained can be readily 
explained by assuming that nonhomologous pairing takes place between second 
chromosomes and X chromosomes. With the genotype /n(2L + 2R)Cy/T(2;3)- 
101 the Curly inversion chromosome, due to the difficulty of formation of two inver- 
sion loops with the translocation, encounters the most difficulty in pairing. The 
translocation chromosomes with which the Curly inversions should synapse are able 
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to pair normally in their third chromosome segments. Consequently the Curly 
chromosome may not pair with the translocation complex but pairs instead with 
another chromosome. The exceptional females will be not-Curly if the unpaired 
Curly inversion chromosome pairs with and segregates from one or both X chromo- 
somes. It may be possible that each X chromosome pairs with a different arm of 
the unpaired autosome in a manner similar to that postulated by Cooper’ for the 
Y chromosome. 


TABLE 1 
PRIMARY NONDISJUNCTION FOR SEVERAL SEX-LINKED GENOTYPES WITH AUTOSOMAL 
TRANSLOCATIONS AND INVERSIONS 
Genotype of Females* 
Sex-linkedt Autosomal Exceptional? 9 Exceptional${a’o Total 
In(2L + 2R)Cy L4 sp? Cy 0 Cy 11 
T(2; 3)101 sp? Not-Cy 6 Not-Cy 0 3103 


In(2L + 2R)Cy L4 sp? Cy 0 Cy 4 
T(2; 3)101 sp? Not-Cy ; Noat-Cy 0 5128 


In49 v f car In(2L + 2R)Cy pr Cy 0 Cy 69 
v T(2; 3)101 sp? Not-Cy 98 Not-Cy 1 


In49 v f car In(2L + 2R)Cy L4 sp? Cy 60 Cy 4 
v T(2; 3)Xa Xa 0 Xa 


In49 v se In(2L + 2R)Cy L‘ sp? 1 3: Cy 
v T(2; 3)Xa Xa 


y acpn In49 v In(2L + 2R)Cy Lt sp? " 2: Cy 
v T(2; 3)Xa 2 Xa 


In49 v se In(2L 4- 2R)Cy L4 sp? " Cy 
v S Not-Cy 2! Not-Cy 


y acpn In49 v BM In(2L + 2R)Cy L4 Cy ; Cy 
v + Not-Cy 38 Not-Cy 


In49 v f car 1(2; 3)101 
v + 
10. y In49 v f car 7(2; 3)Xa 
y y + 10 2920 
* Ail matings were carried out with one female per culture. 
+ In part of several crosses y? cv v f was used instead of y v. 
BS ase were mated to y w.YS/y*.YL males except for cross 2 where y? cv v f or y ac males with sect, Y were 
The reversal of the phenotypes of the exceptions from crosses involving Cy/T- 
(2;3) Xa furnishes evidence for the hypothesis rather than against it. A considera- 
tion of the heterozygous inversions present in the Cy/7(2;3)Xa genotype will 
clarify this matter. The Xa translocation contains Jn(2R)Cy and In(3R)P. Its 
makeup is 2L-3R and 2R-3L with break points in 2R and 3R. The genotype 
Cy/T(2;3)Xa has the right arms of the second chromosome pair homozygous for 
In(2R)Cy. The left arms of the second chromosome pair contain heterozygous 
In(2L)Cy while the right arms of the third are heterozygous for Jn(8R)P. The 
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result is that one translocation chromosome (2L-3R) differs from its pairing partners 
by inversions in both of its arms. Asa result of the difficulty of formation of the in- 
version loops in a translocation heterozygote the 2L-3R chromosome is at a dis- 
advantage in pairing similar to that of Jn(2L + 2R)Cy with 7(2;3)101. As a 
result the exceptional females do not receive the Xasta translocation and are Curly 
in phenotype. 

The increase in nondisjunction with the addition of either translocation to geno- 
types containing sex-linked and autosomal inversions is possibly due to the greater 
difficulty of homologous chromosome pairing. The chromosomes containing in- 
versions would be able to pair more readily when no translocation is present. 

The absence of female exceptions from 7'(2;3)Xa/+ (cross 10) indicates that the 
mere presence of inverted segments in the autosomes is not sufficient to increase the 
nondisjunction of structurally heterozygous X chromosomes. ‘The nondisjunction 
frequency is increased greatly with the same X chromosomal (cross 4) genotype 
when the two inverted segments lie adjacent, rather than opposite each other, in the 
translocation figure. Consequently the action of inversions in producing unpaired 
chromosomes, rather than the actual pairing of the inverted segments, would be 
responsible for the increases in primary nondisjunction. 

Summary.— The primary nondisjunction frequencies obtained with sex-linked and 
autosomal inversions and two different translocations are several times greater than 
the results with only the inversions. The exceptional females receive either the 
translocation or the inversion, depending on the type of translocation used. Nearly 
all of the males receive the other. The data are interpreted as evidence for the 
existence of nonhomologous pairing between X chromosomes and the second chro- 


mosome. 


The writer wishes to express his appreciation to Dr. Curt Stern for research facili- 
ties at the University of California during the summer of 1959 when the majority of 
these experiments were carried out. 
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THE EFFECT OF POSTTREATMENT WITH CHLORAMPHENICOL ON 
VARIOUS ULTRAVIOLET-INDUCED MUTATIONS IN ESCHERICHIA 
COLI* 


EveLtyn M. WITKIN AND EuizaBeTu C. THEILT 
STATE UNIVERSITY OF NEW YORK DOWNSTATE MEDICAL CENTER, BROOKLYN 


Communicated by M. Demerec, December 7, 1959 


The yield of ultraviolet-induced prototrophs obtained from most auxotrophic 
strains of Y'scherichia coli and Salmonella typhimurium is drastically reduced when 
the irradiated cells are incubated with chloramphenicol, or in a medium lacking 
amino acids.! The establishment of mutations to prototrophy appears to require 
conditions favoring the synthesis of proteins during a “sensitive period”’ after 
irradiation. The sensitive period usually persists for about one hour, less than half 
the time required to complete the first postirradiation cell division, but its duration 
can be markedly prolonged by agents that inhibit nucleic acid synthesis. Once the 
sensitive period is past, the frequency of induced mutations can no longer be 
modified by changes in the amino acid content of the medium, nor by the addition or 
withdrawal of chloramphenicol. The irreversibility of these effects after the critical 
time indicates that they concern the mutagenic pathway itself, rather than the de- 
velopment of phenotypic expression. 

These observations have been confirmed and extended* ‘, and have been incor- 
porated into a detailed scheme of mutagenesis.® © The interpretation of these 
phenomena is hampered by our lack of information about their generality. Do all 
mutations, induced by all kinds of mutagenic agents, require conditions favoring 
protein synthesis, or is this a special requisite of ultraviolet-induced prototrophs? 
We know already that the requirement is not universal, for Kaudewitz’ has in- 
vestigated induced prototrophs arising from a rare class of auxotrophic strains that 
behave exceptionally in this regard. 

In this report, the first results of a study of the generality of the requirement for 
conditions favoring postirradiation protein synthesis will be described. Mutations 
from streptomycin sensitivity to streptomycin resistance (str-s to str-r), from strep- 
tomycin dependence to streptomycin independence (str-d to str-7) and from the 
inability to the ability to ferment lactose (lac~ to lact+) were investigated. 

Material and Methods.—Bacterial strains: Two derivatives of strain WP2, a 
tryptophan-requiring substrain of E. coli B/r, were used. Mutations to strepto- 
mycin resistance and to the ability to ferment lactose were studied in a lactose- 
negative variant obtained from WP2 after irradiation with ultraviolet light, and 
designated as WP2Lac-3. Mutations to streptomycin independence were followed 
in a streptomycin-dependent strain, WP2Sdl17, isolated from WP2, after ultraviolet 
irradiation, on nutrient agar containing 100 units per ml of streptomycin. 

Preparation and irradiation of cultures: Aerated cultures were grown overnight, 
at 37°C, in Difeo nutrient broth with 0.5 per cent NaCl added, and, in the case of 
the streptomycin-dependent strain, with the addition also of 25 units per ml of 
streptomycin. Cultures were centrifuged, the pellets resuspended in saline solution 
to give desired densities, and the suspensions irradiated in shallow layers in open 
Petri dishes, with agitation during the exposure. The source was a General Elec- 
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tric Germicidal lamp, with an intensity of 6.0 ergs per second per mm? at 60 cm. 
The dose used was 400 ergs per mm’. 

Posttreatments: After irradiation, aliquots of irradiated suspension were spread 
on the surface of agar plates of desired kinds, and incubated for one hour at 37°C. 
The cells were then harvested by washing the surface of the plates with 3 ml of 
sterile saline solution. Posttreatment on solid medium, rather than in liquid, was 
used to minimize viability changes during treatment, and to avoid after-effects due 
to carrying over chloramphenicol. 

Solid media: Several kinds of solid media were used for posttreatment, for sur- 
vival estimations, and for selective isolation of the mutants under investigation. 
Brief descriptions of these media, and the symbols by which they will be designated, 
are given here: 

NA—Difco nutrient agar, with 0.5 per cent NaC! added. 

NAChI—NA with 20 units per ml of chloramphenicol added. 

NAStr—NA with 25 units per ml of streptomycin added. 

NAStrChl—NAStr with 20 units per ml of chloramphenicol added. 

SEM (semi-enriched minimal)—Minimal agar, with 5 per cent nutrient broth 
added: this is the selective medium for the isolation of try*. 

LTG (lactose-tryptophan-glucose)—Minimal agar made up with 0.4 per cent 
lactose as the main carbon source, and with 20 gamma per ml tryptophan and 0.02 
per cent glucose added; this is the selective medium for isolation of lac*. 

MtStr—Minimal agar containing 1 gamma per ml tryptophan, and 25 units per 
ml streptomycin. 

The minimal medium used was the “E” medium of Vogel and Bonner, made up 
with 0.4 per cent glucose as the carbon source unless otherwise indicated. 

All incubations were at 37°C. Data presented are corrected for spontaneous 
mutations. 

Results —M utations from streptomycin sensitivity to streptomycin resistance: 
Although these experiments usually involved the study of three mutations simul- 
taneously (try~ to try*, lac~ to lac*, and str-s to str-r), results for the streptomycin 
and lactose loci will be described separately. In each case, the familiar effect on 
the try~ to try+ mutation will be included, primarily as a measure of the effectiveness 
of the posttreatments. 

As compared with the ease with which the change from try~ to try+ can be stud- 
ied, the mutation to streptomycin resistance presented two technical difficulties. 
These were (1) the relatively low frequency of induced mutations, and (2) the fact 
that the medium used to select the resistant mutants does not permit the develop- 
ment of phenotypic expression. It was necessary to modify the standard method of 
administering posttreatment to allow for handling much larger populations of 
irradiated cells than are needed to study try~ to try*, and to allow a period during 
which phenotypic expression of mutants could be given full opportunity to develop 
between the posttreatment and the final plating on selective medium. 

Aliquots of irradiated suspension were spread on the surface of equal numbers of 
NA and NAChI plates and incubated for one hour. The bacteria were then washed 
off the surface of the plates, and the wash fluid from large numbers of each kind of 
plate pooled and centrifuged, and the pellets resuspended so as to obtain cell densi- 
ties of about 5 X 10" cells per ml. Concentrating the cells before posttreatment, 
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rather than after it, was avoided because NA plates will support growth at the op- 
timal rate only if the number of cells plated does not exceed about 10%. To de- 
termine the effect of the posttreatments on the try~ to try*+ mutation, the concen- 
trated wash from each set of plates was diluted, and appropriate numbers of cells 
plated on SEM, the standard medium for selection of prototrophs. Aliquots of the 
concentrated wash were then mixed with 12-ml lots of melted nutrient agar in 
tubes, and the content of each tube poured into an empty Petri dish and allowed to 
harden. Another 12-ml layer of melted nutrient agar was then poured on top. 
The plates were incubated for various periods of time, ranging from 0 to 4 hours, 
after which streptomycin was added by spreading a small amount of a concentrated 
solution on the surface of each plate, so as to have a final concentration of 100 units 
per ml. Table | shows the results. It will be seen that the posttreatment with 
chloramphenicol had no effect on the number of viable cells, but, as expected, 
caused the yield of try*+ mutations to drop to about 10 per cent of the frequency ob- 


TABLE 1 
Tue Errect oF PosTrTREATMENT WITH CHLORAMPHENICOL ON THE FREQUENCY OF ULTRAVIOLET- 
INpucED MuTATIONS TO STREPTOMYCIN RESISTANCE 
Irradiated cells plated on NA and NAChI plates, incubated one hour, washed off in saline solution, 
concentrated by centrifugation. Viable titer of concentrated suspensions: 
from NA, 5.7 X 10*°/ml; 
from NAChl, 5.6 X 10!°/ml 
Frequency of induced try*: from NA, 966/108 survivors 
from NAChl, 83/108 survivors 
-———Postreatment: NA——— -—— Posttreatment: NAChl-—— 
Time Colony str-r Colony str-r 


Streptomycin Counts per 10° Counts per 10° 
Added (str-r) Survivors (str-r) Survivors 


0 116 23 24 3.5 
149 15 
1 hr. 234 39 321 
211 276 
2 hr. 353 62 300 
352 279 
3 hr. 277 52 330 
317 335 
4 hr. 295 17 251 
241 266 


tained after posttreatment on NA. This is the usual result with induced proto- 
trophs, and is interpreted as an irreversible reduction of the yield of induced muta- 
tions, since the selective medium, SEM, is fully able to support the maximum yield 
of prototrophs when the irradiated cells are plated upon it immediately after irradia- 
tion. Since this medium supplies what is needed for the establishment of the 
try+ mutation, as well as for the development of the phenotype, the reduced yield 
after treatment with chloramphenicol means that most of the mutations have been 
permanently “‘lost.”’ 

The results for streptomycin resistance show something quite different. When 
streptomycin is added immediately after the posttreatment period, there is indeed a 
difference in mutation frequency between the NA and the NAChlI series. When 
additional time on NA is allowed before adding streptomycin, the frequency of 
mutants rises and levels off at about the same number in both series. It is clear, 
therefore, that while chloramphenicol interferes with phenotypic expression (which, 
presumably, requires protein synthesis), it causes no irreversible decline in the fre- 
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quency of mutations obtained when the requirements for expression are later satis- 
fied. In this regard, the mutation from streptomycin sensitivity to streptomycin 
resistance differs from most mutations from auxotrophy to prototrophy. 

Mutations from the lactose-negative to the lactose-positive state: Experiments in- 
volving the mutation from lac~ to lact+ were similar, in general, to those described 
for streptomycin resistance, and in some experiments the two systems were followed 
in parallel. The method of irradiating. administering posttreatments, and con- 
centrating afterwards were the same. Since the selective medium used to isolate 
lact+ mutations does not support the appearance of the maximum number of mutants 
in itself, it was necessary to allow some time on nutrient agar after posttreatment. 
Table 2 shows the results, which establish that the mutation from lac~ to lac* is 
affected by chloramphenicol posttreatment in much the same way as the change 
from try~ to try*. 


TABLE 2 


THE Errect oF PosTtTREATMENT WITH CHLORAMPHENICOL ON THE FREQUENCY OF ULTRAVIOLET- 
INpUcED MUTATIONS TO THE ABILITY TO FERMENT LACTOSE 


Irradiated cells plated on NA and NAChlI plates, incubated one hour, washed off in saline solution, 
concentrated by centrifugation; concentrated wash fluid (Wash I) assayed, aliquots plated on 
NA plates, incubated one hour, washed off surface in saline soln., concentrated by centrifugation, 
wash fluid (Wash IT) assayed for viable titer, and for frequency of lac* and try*. 
Colony Counts Colony Counts 
Concentrated (0.1 ml Undiluted (0.2 ml 10-2 
Suspension No. Viable Cells Susp. on Dil. on SEM— 
Assayed per ml LTG—ac*) try *) 
Wash I 6.3 X 10° 139 266 
(NA) 165 265 
Wash I 9 X 10° 6 15 
(NAChl) 10 19 


Wash II DS ee ae) | 163 216 
(NA to NA) 153 258 
Wash II 5.4 X 10° 24 13 
(NAChI to NA) 22 22 


Mutations from streptomycin-dependence to streptomycin-independence: Attempts 
to investigate mutations from str-d to str-i were repeatedly frustrated by the fact 
that streptomycin-dependent strains react in an unusual way to chloramphenicol. 
Posttreatment with this antibiotic causes, in all str-d strains tested, a precipitous 
loss of viable titer that complicates any estimation of the effect on mutation fre- 
quency, apart from the general bactericidal effect. Since it has been demonstrated 
that incubation in minimal medium without amino acids, during the sensitive pe- 
riod, has the same effect on the frequency of induced prototrophs as does chloram- 
phenicol, it was decided that amino acid deprivation would be used as a posttreat- 
ment in this system, in addition to chloramphenicol. Incubation in minimal me- 
dium without amino acids causes no appreciable death in streptomycin-dependent 
strains. 

Irradiated streptomycin-dependent cells were given a one-hour posttreatment on 
the surface of various kinds of solid media (as described in Table 3), and were then 
harvested and replated to determine the viable titer, and the frequency of str-7 
and try*+ mutations. Taking the results for str-d to str-7 alone, there seems no doubt 
that posttreatment with minimal medium lacking amino acids, a condition that al- 
ways causes irreversible decline in mutation frequency in the try~ to try+ system, 
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has no comparable effect on the yield of streptomycin-independent mutants. The 
posttreatment with chloramphenicol, despite the element of uncertainty introduced 
by the lethal effect, clearly causes no important change in the proportion of str-7 
mutants among the survivors. This mutation appears to fall in the same category 
as the change from sér-s to str-r, and differs from the mutations from lac~ to lae* 
and from try~ to try*, in not requiring conditions that favor the synthesis of pro- 
teins during the period immediately after irradiation. 

The behavior of the try~ to try*+ mutation, in these experiments, is of interest. 
Mutations to try* were not obtained, under any of the conditions used. One way 
to describe this surprising result is that try~ has been rendered UV-stable by the 
acquisition of the str-d marker. 

Discussion.—Although the term “mutation” is used to designate the changes in 
hereditary characters that are obtained after irradiation, there has never been any 
reason to assume that all these changes arise in the same way. It should not be sur- 
prising, then, to find that a posttreatment causing irreversible loss of one mutation 
may be entirely without effect on another. These experiments suggest that ultra- 


TABLE 3 
Tue Errect or PostTREATMENT WITH CHLORAMPHENICOL AND WITH AMINO AcID DEPRIVATION 


ON THE FREQUENCY OF ULTRAVIOLET-INDUCED MUTATIONS FROM STREPTOMYCIN DEPENDENCE TO 
STREPTOMYCIN INDEPENDENCE 


Aliquots of irradiated suspension plated on the following kinds of media for one-hour posttreat- 
ment: NA, NAStr, NAStrChl, and MtStr; bacteria washed from surface in saline solution, wash 
fluid assayed to determine viable titer, and frequency of induced str-i and try*. 


Colony Counts—0.2 ml of 
Undiluted Wash Plated No. Induced 
No. Viable Cells on NA on SEMstr str-i per 
Posttreatment on per ml of Wash (str-1) (try *) 107 Survivors 


NAStr 6.5 X 10’ 287 2 201 
237 1 


MtStr .1 X 10? 188 2 161 
262 0 


NAStrChl 2.1X 1 57 0 139 
60 0 


NA 1.3 X 10° 178 3 177 
266 1 
violet light initiates at least two distinct pathways of mutagenesis, only one of which 
is blocked or diverted by posttreatment with chloramphenicol or amino acid de- 
privation. 

Incubation of the irradiated cells with chloramphenicol causes irreversible 
“mutation frequency decline’’ in the case of induced lactose-positive mutations, 
but fails to reduce the yield of mutations to streptomycin resistance. Mutations 
from streptomycin dependence to streptomycin independence seem to behave like 
those from sir-s to str-r. but some qualification of this conclusion is indicated by the 
behavior of the try~ to try* mutation in the str-d strain. The failure of try*+ muta- 
tions to appear, and the slow growth of str-d strains, even under optimal conditions, 
suggest that the metabolic requirements for the establishment of try+ are not met in 
this strain, even when amino acids are supplied in abundance. If this is true (and 
it is the simplest explanation of the UV-stability that try— acquires in the genetic 
background of str-d) there may be a category of potential mutations to streptomycin 
independence having the same requirements for establishment as try*+, and failing 
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to appear for the same reason. In any case, the str-i mutations that are obtained 
are not suppressed by posttreatment with chloramphenicol or amino acid depriva- 
tion. 

The contrasting behavior of the mutations to try+ and to sér-r in the same ir- 
radiated population shows that the two divergent pathways of mutagenesis can 
operate simultaneously in the same genetic background, and are not to be ascribed 
to strain- specific factors. 

The existence of two classes of induced mutations, distinguishable by their re- 
sponse to posttreatment with chloramphenicol, brings to mind the familiar dichot- 
omy between “point”? mutations and those resulting from gross chromosomal 
aberrations. The work of Kaudewitz’ suggests that the rare class of induced pro- 
totrophs not affected by posttreatment with chloramphenicol may actually arise by 
rather drastic chromosomal abnormalities. There is nothing to contradict the 
possibility that mutations to streptomycin resistance and to streptomycin inde- 
pendence may involve losses of genetic material (especially since the change from 
str-d to str-i has been shown to originate as a suppressor quite apart from the sér-d 
locus’). A study is now under way in our laboratory to pursue this possibility fur- 
ther by means of a comparison of the revertibility of lactose-negative mutants in- 
duced by ultraviolet light, with and without chloramphenicol posttreatment. If 
mutations involving losses of genetic material are unaffected by chloramphenicol 
posttreatment, the /ac~ mutants isolated in this series should be of the stable type 
more frequently than the lac~ strains isolated without chloramphenicol posttreat- 
ment. 

Summary.—The effect of posttreatment with chloramphenicol and/or amino acid 
deprivation on the frequency of ultraviolet-induced mutations to streptomycin 
resistance, streptomycin independence, and ability to ferment lactose was investi- 
gated, using strains derived from £. coli B/r. The yield of mutations from lac~ to 
lac+ was markedly and irreversibly reduced by the posttreatment, but there was no 
appreciable effect on mutations to str-r and str-i. It was concluded that mutations 
to the ability to ferment lactose, like most mutations to prototrophy, are established 
only if conditions favor the synthesis of proteins during the postirradiation ‘“‘sen- 
sitive period,’ but that mutations to streptomycin resistance and streptomycin 
independence have no such requirement. Two distinct pathways of mutagenesis 
initiated by ultraviolet light are inferred. 
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TRANSIENT EFFECTS IN THE DISTRIBUTION OF CARBON-14 IN 
NATURE 


By Mitton 8. PLESSET AND ALBERT L. LATTER 


CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA, AND RAND CORPORATION, SANTA MONICA, 
CALIFORNIA 


Communicated by Harrison Brown, December 24, 1959 


A prerequisite for accurate dating by means of carbon-14 is the existence of a 
steady state in the specific activity of the carbon in the atmosphere. The studies! 
which have been made of carbon activity supported the view that there was a state 
of dynamic equilibrium in the carbon exchange between natural reservoirs. A 
disturbance in this state is known to arise from the discharge of the combustion prod- 
ucts from fossil fuels into the atmosphere. The resulting dilution of the specific 
carbon activity of the atmosphere by the addition of this inert carbon dioxide (the 
Suess effect) has been discussed recently elsewhere,”:* and will not be considered 
here. Of present interest is how a disturbance in the absolute amount of carbon-14 
in a natural reservoir such as the atmosphere disappears through exchange with 
other reservoirs. There has been such a disturbance in the world equilibrium of 
‘arbon-14 by the explosion of nuclear bombs. The redistribution of the excess 
radiocarbon produced by nuclear explosions may be calculated as a function of time 
from the fundamental transient solutions which are presented here. These funda- 
mental solutions are those obtained for an instantaneous increment of carbon-14 
introduced into the stratosphere or the troposphere. The net result of all nuclear 
explosions to date may then be determined by summation of such solutions when 
the intensity and date of the explosions are given. This summation has been 
carried out by the authors and is presented elsewhere. 

The steady state conditions for ordinary carbon and radiocarbon determine ex- 
change rate constants for radiocarbon. Arnold and Anderson‘ have evaluated these 
constants from the steady state relations for a two and for a three reservoir model of 
the natural carbon reservoirs. Their “upper reservoir” includes the atmosphere, 
land-life, and humus; a second reservoir is the oceans. Their three reservoir model 
is formed by a separation of the oceans reservoir into two portions. The steady 
state behavior of a more elaborate model, consisting of five reservoirs, has been 
examined by Craig. The reservoirs in this model are: the atmosphere, the land 
biosphere, the land humus, the ocean mixed layer, and the deep oceans. 

The transient solution which is developed here uses Craig’s reservoir model with a 
slight extension. This extension consists in a division of the atmosphere into two 
reservoirs: the stratosphere and the troposphere. The justification for the de- 
velopment of this six reservoir model comes from the possibility that experimental 
observations of the carbon-14 transients which have been produced may give 
further information on the effective exchange rates between troposphere and strato- 
sphere. 

Steady State Relations for the Six Reservoir M odel.—The reservoir model is shown 
schematically in Figure 1. The conditions for a steady state in the distribution of 
carbon-12 are expressed directly in terms of the rates of efflux J x of carbon-12 from 
reservoir 7 to reservoir k. Steady state in the stratosphere gives, for example, 

—J std =, (1) 
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Fic. 1.—Diagram of the model of the carbon reservoirs in the exchangeable 
system. 


or in the troposphere 
—J s— J ad emt J sit Joi+ J mit Jnr=0. (2) 


The remaining four steady state relations are of similar homogeneous form. If 
now jx is the steady state flow of carbon-14 from reservoir 7 to reservoir k, then one 


has 


Jik Ni ‘ 

faa 9) 
where n; is the amount of carbon-14 in reservoir 7, N; is the amount of carbon-12 in 
reservoir 7, and a; is the isotopic fractionation factor which takes account of the 
effect of isotopic mass difference in the transport process. Equation (3) is a rela- 
tion of general validity between the flow rates of two isotopic species and their reser- 
voir contents. The factor a; is of course unity if the exchange process between 7 
and k is not affected by the isotopic mass difference, and is close to unity otherwise. 
The a,’s are found® from the experimental observations on the isotopic fractionation 
factors a;’ for carbon-13 so that, if 


a,’ = 1 +35;’, 
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then one has 
ai= a,” = 1+26,’. 


The exchange rate constant, k;,, for the transport of carbon-14 from reservoir 7 to 
reservoir r is defined by the relation 


jer= n ikir, (4) 


and it follows from Equation (3) that 
J ir 
ki=ai —. (5) 
N; 
It is apparent from Equation (5) that the radiocarbon exchange rate constants are 
constants only if the amounts and transport mechanisms of ordinary carbon are 
fixed. 

The determination of the radiocarbon exchange rate constants is completed if, in 
addition to the information given in the equations of the type (1) and (5), one uses 
the conditions for a steady state of carbon-14 in all the reservoirs. These steady 
state relations differ from those for carbon-12 since there is a loss of carbon-14 in 
each reservoir 7 at the radioactive decay rate \n;. These decay losses in all the reser- 
voirs must be exactly compensated by the production of carbon-14 from cosmic 
ray neutrons absorbed in atmospheric nitrogen. This source will be taken here as 
appearing entirely in the stratosphere reservoir. The steady state relations analo- 
gous to Equations (1) and (2) for the stratosphere and the troposphere are 

AQ—Anis—Jst+Jes =O, (1’) 
—Any —Jts—)t—J tm +)sttJortJmitjnt =0, (2 ) 
where Q is the total amount of carbon-14 in all the reservoirs in the steady state 
Q=nstnitnotnrntnrmtna. (6) 
The exchange rate constants are readily found to be the following: 
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For the numerical evaluation of these exchange rate constants, the amounts of 
exchangeable carbon, N;, in the various reservoirs were taken to have the values 
given by Craig® except that the amount in the atmospheric reservoir was divided so 
as to put 22 per cent in the stratospheric reservoir and 78 per cent in the tropospheric 
reservoir. These values, which are given in Table 1, are somewhat lower than those 
presented by other authors.':‘ In the calculation of the k;,’s, however, only ratios 
of amounts enter so that such differences need not be serious. Table 1 also sum- 


TABLE 1 
Carbon-14 
Carbon Isotopic Specific Carbon-14 
Content Ni, Fractionation Activity, Content, ni, 
Reservoir gm /cem? Factor, a; Ri (gm/em?) X 10! 
Stratosphere 0.0277 1.037 1.037 R,, 0.0356 
Trovosphere 0.983 1.037 1.037 Ry 0.126 
Land biosphere 0.060 1.000 1.000 R, 0.0744 
Land Humus 0.215 1.000 0.940 R,, 0.251 
Mixed layer 0.151 1.047 1.000 R,, 0.187 
Deep Seas 7.32 1.047 0.902 R,, 8.187 


Carbon contents are expressed per unit area of the earth’s surface (5.1 &K 10% em?). Rw has been taken to be 
1.24 K 1071: 


marizes the isotopic fractionation factors a; and the specific activities R;=ni/Ni- 
Craig’s data determine all the values tabulated except those for R, and Ry. These 
have been calculated, following a suggestion made by Craig, by taking an average 
age of 500 years for the carbon-14 in land humus and an average age of 1200 years 
for the carbon-14 in the deep seas. It follows that 


Rp = 1.0000 RP, = 0.940R»; 
Ra=1.047e—120/% 7), =0.902R,,; 


where the mean lifetime, 1/\, of carbon-14 has been taken to be 8030 years, and R, 
is the specific activity of modern wood.? 
The exchange rate constants are found to have the following values in (years) ~!: 


Kam=1.15X10-*; kn =6.99X 107"; 


kma= 5.55 X 10~*; kme=1.18X107!; 
knt=1.95X 10-3; k im=1.84X 1071. 


With the data given in Table 1, the remaining four exchange rate constants are infi- 
nite. While, for example, k» and ky; have infinite values, their ratio has a definite 


value 


kos = aN, 

aa (7) 
This behavior means, of course, that any increment in exchangeable radio carbon in 
either the troposphere or the biosphere is instantly distributed through the two res- 
ervoirs in such a way as to preserve the ratio a:N;/a,N»,. In this sense, this combi- 
nation is not separable into two reservoirs. The separation does have significance 
in that the exchange processes with adjacent reservoirs are not the same as for the 
nonseparated model. In the treatment of the transient problem which follows, the 
troposphere and biosphere will be kept distinct, and ky, with ky will be made infinite 
in the final results with the fixed ratio (7). 
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A similar situation obtains for ks; and k;;. The data of Table 1 given;/N,;=n./N, 
so that the remarks just made for the troposphere-biosphere combination apply also 
to the stratosphere-troposphere combination. This latter combination will, how- 
ever, be treated differently. There is evidence from analysis of fallout data*® that 
the exchange between the stratosphere and the troposphere is not instantaneous. 
There is, however, considerable uncertainty about this exchange rate and there are, 
in addition, indications that this exchange has a latitude dependence. For these 
reasons, the results of the solution of the transient problem will be given for three 
different values of ks,: 0.1, 0.2, © (years)~'. For all of these values, the ratio 
kis/ks: has the fixed value 0.282. 

Extension of the Model to Nonequilibrium Conditions.—In a nonequilibrium situa- 
tion the amount of carbon-14 in the 7’th reservoir will be denoted by n;*(t) where 
the argument ¢ denotes the time. The symbols n; will continue to denote the con- 
stant equilibrium values as used in the preceding section. Then in place of equa- 
tions such as (1’) and (2’) for the stratosphere and troposphere, one has 


dn,* * * * 
dt = hQ—)Ansz —MNs ksitne kts, (8) 


* 
a = —\ny*—ni*kis— neha — nik imtns* ksi tng * kor +m * kmitnntknr, (9) 
‘ { 
where as before Q is given by Equation (6). It is somewhat more convenient to use 
the variables 
L=Ns*— Ns; y=n*—n1; Z=Np*—"p; 
U=Nm* —Nm} v=Nqa*—N4; W=Np*—Nr; a0) 
in place of the n,;*’s. Each of the variables z, y, . . . represents the excess of carbon- 
14 in a reservoir over the equilibrium amount. The differential equations satis- 
fied by these new variables are the same as those satisfied by the n;*’s except that 
the term AQ in the stratosphere equation for dx/dt no longer appears. 
The problem of present concern is an initial value problem following a state of 
equilibrium: 
r=y=z=u=v=w=0, for t<0, (11) 
and such problems are conveniently treated by means of Laplace transforms. The 
transforms of xz, y, . . . are functions of a transform variable so that 


K(s)=L[x(t)];  F(s)=L[y(d]; ete. (12) 
The transformed functions satisfy equations of the form 
Do aX j=: (13) 
j 
where the coefficients a;; are either independent of s or are linear functions of s, and 


X, is X, X2 is J, ete. 
If the determinant of the system of Equations (13) is 


A(s) = lay, (14) 


than the roots of this determinant, s;, determine the characteristic time constants of 
the system as r;= —1/s;. The determinant A is a polynomial of sixth degree in s 
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with coefficients which depend on \ and the k;,’s._ If one goes to the limit, kw, ko: 
—> ©, this polynomial reduces to the fifth degree. One of these roots, say s;, has the 
value 


$= —\= —1.250X 10-*(years)—. 


The remaining roots are all real and negative as would be expected, and they are 
evaluated numerically without difficulty. These roots have been determined for 
three different values of the exchange rate constant between stratosphere and 
troposphere and are collected in Table 2. 


TABLE 2 


Roots OF THE DETERMINANT D(s), IN (YEARS) ~! 
(The characteristic decay periods are given by 7; = —1/s;.) 


kst = 1/10 kst 1/5 
1.250 x 107 1.2 4 
1.99 x 10 & 
2.37 X 10° 2 
1.10 x 10 * 
2.78 X 10 3. 


1 
1 
] 
1 
] 


50 
99 
11 
91 
14 
There are two fundamental solutions which are required for the evaluation of the 


radiocarbon transient produced by nuclear explosions. The first of these is charac- 
terized by Equation (11) and in addition by the initial conditions 


Xx=Y¥, y=z=u=v=w=0, for t=0. (15) 


These conditions correspond to equilibrium values in all the reservoirs until t=0 at 
which time an amount y in excess of the equilibrium amount is instantaneously 
introduced into the stratosphere. The calculation of the Laplace transforms from 
Equation (13) is a straightforward algebraic process, and the inversions of such La- 
place transforms are also well known.’ One obtains in this way 

j N(s,)e™ N(s2)e™ 
rbh=y¥ 


($1 — 82) (81 — 83) (81 — 84) (81 — 85) (S2— 81) (S2— 83) (S2— 84) (S2— 85) 


N(s5)e™ 
_ =~ | (16) 


(85 — 81) (85 — 82) (85 — 83) (85 — 84) 


where N(s) is a polynomial in s with coefficients which are functions of the k;,’s. 
Expressions of similar form are obtained for y(t), z(t), ete. 

The second fundamental solution corresponds to the conditions of Equation (11) 
and in addition to the initial conditions 


Y= €, L=z=u=v=w=0, for t=0. (17) 
As in the previous case, one finds 
M (s,)e™ M (s;)e* 
x)= wert ce ~ 
(¢ 1 — 8) (8; — 83) (81 — 84) (S81 — 85) 


(85 — 81) (85 — 82) (82 — 83) (85 — $4) 


(18) 


with expressions of similar form for y(t), 2(¢), ete. 
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The behavior of the two sets of solutions is shown in Figures 2-6. Among the 
values of k,, used is infinity, corresponding to an instantaneous division of an excess 
of radiocarbon between the stratosphere and the troposphere. In this case, the 
determinant A(s) reduces to a polynomial of fourth degree, and there is no fifth 
root s5. The solutions (16) and (18) are correspondingly modified to contain only 
four terms. 

Discussion and Conclusion.—The mathematical description of even a moderately 
detailed reservoir model is involved with rather cumbersome algebra although the 
procedures required are in principle quite simple. As has been remarked, the 
transient behavior of the radiocarbon exchange system is essentially determined by 
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Fig. 2.—The quantities z(t), 
y(t), and z(t) are the excesses of 
carbon-14 over the equilibrium 
amounts in the stratosphere, the 
troposphere, and the land bio- 
sphere respectively. Their varia- 
tions with time are shown for 
ks = 0.10 (year)~! when an ex- 
cess of carbon-14 of amount 7 is 
introduced into the stratosphere 
att = 0. 
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the values of the characteristic decay constants, s,, which are presented in Table 2 
for three values of k,,. The variation of these constants with k,; is of particular 
interest. The longest of the characteristic periods is the mean lifetime for carbon-14 
decay: 


1 1 
T1=- =——=8,030 years. 
nN $1 


This value which will always appear in a theory of the present form is, of course, 
unaffected by the value of ky; The next longest characteristic decay period is 
essentially independent of k;:, and has the value 


1 
T2= — —=500 years. 
So 


< 
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The third characteristic period is very nearly independent of k,, and varies only from 
42 to 41 years as 1/k,; goes from 10 years to zero. A significant variation appears 
first in tr, which has the value 9.1 years for 1/k,,=10 years, 5.2 years for 1/ks.=5 





1.0 


Fic. 3.—The variations with 
time of the excesses of carbon-14 
over the equilibrium amounts 
in the stratosphere, x(t), in the 
troposphere, y(t), and in the land 
biosphere, z(t), are shown under 
the conditions of Fig. 2 except 
that ks: has the value 0.20 
(year)~}. 














Fic. 4—The quantities :(¢), 
y(t), and 2(t) are the excesses of 
carbon-14 in the stratosphere, 
the troposphere, and the land 
biosphere respectively when an 
excess of carbon-14 of amount e 
is introduced into the troposphere 
att = 0. The stratosphere to 
troposphere exchange rate con- 
stant, ks:, has been given the 
value 0.10 (year)~!. 
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years, and 4.0 years for 1/k;,=0. Finally, the fifth period, 7;, has the value 3.6 
years for 1/k;,=10 years, 3.2 years for 1/k;:=5 years, and is of course absent for 
1/k,,=0. It follows from this behavior of 7;=—1/s; that only moderately long 
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times are needed for the decay of an excess introduced into the stratosphere or 
troposphere to be practically independent of the value of ks:. 

A question of some interest which may be asked is how long a time is required for a 
carbon-14 excess introduced into the stratosphere or troposphere to be distributed 





0.7 —— 


Fic. 5.—The changes of z(t), 
y(t), and z(t) with the time are 
shown for the same conditions as 
those of Fig. 4 except that kez = 
0.20 (year)—!. 
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over all reservoirs. When such a redistribution has taken place, the excess in each 
reservoir will decay in time essentially like e~™. In principle, the redistribution 
takes an infinitely long time, but an effective time may be found from the present 
solutions for this sharing of an excess introduced at some instant into the strato- 
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Fic. 6.—The excesses of car- 
bon-14 in the stratosphere, z(t), 
in the troposphere, y(t), and in 
the land biosphere, z(t), are 
shown for k,, = © for an excess 
y introduced at ¢ = 0. In this 
case, these excesses are always 
in a fixed ratio with each other. 
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sphere or troposphere. For example, in 250 years the excess which decays with 
period 713=1/\ amounts to 90 per cent of the total; the other contributions which 
decay with the shorter periods amount to 10 per cent. After 1,000 years, these 
percentages are 99 per cent and 1 per cent respectively. These times are insensitive 
to the value of k, ,. 
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A modification of the usual theory has been used in this paper which consists in the 
partition of a reservoir into physically distinguishable parts, and maintaining this 
separation for the situation in which the numerical data give infinite exchange con- 
stants. An example of this partition is the troposphere-biosphere combination for 
which the data give k»=k»,= ©. These reservoirs have been kept distinct here 
and the results are evaluated in the limit ky:, knx—«. Such a procedure modifies 
the exchange rates since these exchange rates with adjacent reservoirs are propor- 
tional to the partial amounts n; or n, and not (n;+m). It is believed that this 
procedure represents an improvement in the theoretical model. 


The authors, in conclusion, wish to thank Professor Gerald Wasserburg for many 
helpful discussions and Dr. Harmon Craig for suggestions regarding carbon distri- 
bution data. They are also indebted to Professor Harrison Brown for his interest 


in this study. 
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CARBON-14 PRODUCTION FROM NUCLEAR EXPLOSIONS 
By ALBERT L. LATTER AND MILTON 8. PLESSET 
RAND CORPORATION, SANTA MONICA, CALIFORNIA, AND THE CALIFORNIA INSTITUTE OF TECHNOLOGY 
Communicated by Harrison Brown, December 24, 1959 


The increase in the carbon-14 content of the atmosphere as a consequence of 
nuclear explosions is of such magnitude that it is readily detectable.+? Nearly all 
the neutrons which escape from a nuclear bomb into the atmosphere are captured 
in nitrogen to produce carbon-14. The best estimate of the neutron escape effi- 
ciency as given by Libby? is 2.5 neutrons per 200 Mev of energy release. This 
figure corresponds to 0.5 moles of carbon-14 per kiloton of bomb yield. 

We have listed all the nuclear explosions made to date by the U.S., the U.K., and 
the U.S.S.R., together with estimates of the yields. The amount, A;, in moles of 
‘arbon-14 produced by the 7’th explosion is 


A,=0.5Y f,, (1) 


where Y; is the yield in kilotons, and f; is the factor which gives the fraction of the 
yield which contributes to the production of exchangeable carbon-14. We have 
taken f;=1 for an air-burst or tower shot, f:='/2 for a surface or barge shot, and 
f,=0 for a subsurface shot. 
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All the carbon-14 as determined by Equation (1) is assumed to be deposited in 
the atmosphere. While some of the carbon-14 may go directly into the ocean 
reservoir for an overwater explosion, this amount is small and is neglected here. 
When Y,<1,000 KT, all the activity, A;, is deposited in the troposphere since the 
bomb cloud and its associated activity does not extend into the stratosphere. 
When Y;>1,000 KT, the bomb cloud is carried into the stratosphere so that activity 
may be produced both in the troposphere and the stratosphere. There is evidence 
so far as fission activity is concerned that almost all of such activity is deposited in 
the stratosphere. Libby* has estimated that 99 per cent of the nonlocal fission- 
produced activity of such shots is carried into the stratosphere and that 1 per cent is 
put into the troposphere. An independent estimate which we have made‘ indicates 
that the fraction of the fission-produced activity deposited in the troposphere could 
be as large as 10 per cent. It is evident that the fission products will be contained 
almost entirely within the bomb cloud while the carbon-14 which is produced by 
neutrons escaping from the bomb will be contained in the air surrounding the 
cloud. Nevertheless, most of this surrounding air will be entrained with the rising 
cloud so that one must also expect a large fraction of the carbon-14 activity in the 
stratosphere for explosions with total yields greater than one megaton. Since the 
fraction of the carbon-14 activity, A;, left in the troposphere by such explosions is 
somewhat uncertain, the calculations have been made in two ways. The first cal- 
culation assumes that A; is deposited 100 per cent in the stratosphere, and the 
second calculation puts 90 per cent of A; in the stratosphere and 10 per cent in the 
troposphere. 

In order to follow the redistribution and decay of an excess of carbon-14 intro- 
duced into any of the earth’s reservoirs, it is necessary to know the transient re- 
sponse of the reservoir system. We have determined the time behavior of this sys- 
tem for a six reservoir model which is an extension of a model considered by Craig.* 
The exchange rate constants, ki;, have been evaluated® from data given by Craig. 
These data indicate infinite exchange rate constants, ky» and ky,, between the tropo- 
sphere and the land biosphere, and they also indicate infinite exchange rate con- 
stants, k,, and k,,, between the stratosphere and. the troposphere. One would ex- 
pect ky and k,, to be very large, and the time behavior of the carbon exchange sys- 
tem has been determined® for the limit ky, ky->«o. There is evidence, on the other 
hand, that the exchange rate constants k,, and k,; are not infinite,” * 4 and the time 
behavior of the system has been worked out in Reference 6 for k,,=0.1, 0.2, and © 
(years)~!. The ratio ks,/k,s, of course, always has a fixed value. 

Explicit solutions are given in the preceding paper for the time behavior of the sys- 
tem after an excess of carbon-14 has been instantaneously introduced either into the 
stratosphere or the troposphere. In terms of these fundamental solutions, the total 
effect of the introduction of excess amounts of carbon-14 into the stratosphere and 
the troposphere from all nuclear explosions to date is readily found. The carbon 
exchange system in this theory is a linear system so that the total effect is found by 
superposition of the contributions from each explosion with its appropriate amount 
A, and with its known time of injection ¢; into the stratosphere or the troposphere. 

The results of the summation of all the carbon-14 activity added to the atmos- 
phere thus far are shown graphically in Figures 1-7. The zero of time in all of 
these graphs is August 1945 and the first ordinate values shown are for August 1960. 
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Fié. 1.—z is the excess of carbon-14 over the equilibrium amount in the 
stratosphere, ¥ is the excess in the troposphere, and z in the land biosphere as 
calculated for all nuclear explosions to date. It has been assumed that 
100% of the carbon-14 produced by bombs with yields greater than 1 MT is 
deposited initially in the stratosphere. The origin of time has been taken to 
be August, 1945. 
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Fic. 2a.—The ratio of the excess carbon-14 in the stratosphere x to the 
equilibrium amount 7, is shown as a function of the time (¢ = 0 at August, 
1945). It has been assumed that 100% of the carbon-14 produced by 
bombs with yields greater than 1 MT is deposited initially in the stratosphere. 
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Fic. 2b.—The ratio of the excess in the troposphere y to the equilibrium 
amount n:, which is the same as the ratio of the land biosphere excess z to 
the equilibrium amount np, is shown as a function of the time (¢ = 0 at 
August 1945). It has been assumed that 100% of the carbon-14 produced 
by bombs with yields greater than 1 MT is deposited initially in the 
stratosphere. 
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Fic. 3.—The curves show the behavior of the excess in the stratosphere, 
troposphere, and biosphere under the same conditions as those of Fig. 1 
except that the exchange rate constant between the stratosphere and the 
troposphere k,; has the value 0.20 (years)! instead of 0.10 (years)~}. 
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Fic. 4.—The calculated excess amounts of carbon-14 z, y, and z for 
the stratosphere, troposphere, and land biosphere, respectively, are shown 
under the same conditions as those of Fig. 1 except that it has been assumed 
that bombs with yields greater than 1 MT deposit 90% of the carbon-14 
produced in the stratosphere and 10% in the troposphere initially. 
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Fic. 5.—The calculated excess amounts for the stratosphere, troposphere, 
and land biosphere are shown under the same conditions as those of Fig. 4 
except that k,; has been taken to be 0.20 (years) ~! instead of 0.10 (years)~}. 
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Fic. 6.—The calculated excess amounts in the stratosphere, troposphere, 
and land biosphere are shown for the case in which the exchange rate con- 
stant k,; is infinite. In this case, x, y, z are always in fixed ratios with each 
other. 
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Fic. 7.—The ratio of the excess amount to the equilibrium amount is shown 
for the stratosphere, troposphere, or biosphere for the case in which k,, is 
infinite. For this case these ratios all have the same value at all times. 
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The ordinates x(t), y(t), and z(t) stand for the excess of carbon-14 over the equilib- 
rium amount in the stratosphere, troposphere, and land biosphere, respectively. 
In Figures 1, 3-6, these excess amounts are shown in absolute quantity (gms) per 
unit area of the earth’s surface (5.1 X 10'%cm?). In the other figures the ordinates 
show the ratio of these excess amounts to the equilibrium, or steady state, values in 
the appropriate reservoirs. In Figures 1, 2a, 2b, and 3 it is assumed that all of the 
activity for bomb yields greater than one megatron is deposited in the stratosphere. 
The comparison of Figure 1 with Figure 3 shows the effect of increasing the ex- 
change rate constant k,, from 0.10 (years)~! to 0.20 (years). Such a change in 
k,, does not affect the trend of the graphs very strongly except that the activity 
maximum in the troposphere and biosphere is predicted to appear at about 25 years 
(1970) for k,-=0.10 and at about 20 years (1965) for k,,-=0.20. Figures 4 and 5 
differ from the preceding group only in that it is supposed for bombs with Y;>1 MT 
that 90 per cent of the activity is deposited in the stratosphere and 10 per cent 
directly into the troposphere. Aside from a reduction in the initial value of x(t) 
there is no striking change in the trend of the curves. The effect of an instantaneous 
exchange between the stratosphere and the troposphere is shown in Figures 6 and 7 
for which k,,= ©. Under this condition there is, of course, no maximum in the 
troposphere or biosphere excess, and 2/n;, y/n:, and z/m are given by the same 
curve. 
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A NOTE ON THE CONTINUITY OF CHARACTERISTIC EXPONENTS* 
By James C. LILLo 
RIAS, BALTIMORE, MARYLAND 
Communicated by S. Lefschetz, November 6, 1959 


It is well known that the characteristic exponents as defined by Lyapunov and 
Perron are not upper semi-continuous with respect to the uniform norm of the coef- 
ficient matrix. Since this property is crucial in most perturbation questions, we 
introduce for the system 


x = A(t)x (1) 


where A (¢) € M/,,, a pew number which we shall call the major characteristic exponent, 


written 4(A). Here (A || = l.u.b. ||A(¢) |) where R may be taken as either the real line 
te R 


n 


or the positive real half line, || A (2) | = +. | ai(t) |, and M, is the set of all continuous 
ij=1 


nXn matrices A(t) whose norms are finite. We then show that for any A « M,, 
\(A) is upper semicontinuous with respect to our norm. Finally, we give a number 
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of perturbation results which are straightforward generalizations of known results 
once one has the following results at one’s disposal. 

2. We first introduce the following definition. 

Definition 2.1: For system (1) the real number 


(A) = limf Lub. {In(|!e( + d]] lett ||)/4) ] 
t—> L(t), toeR 

is called the major characteristic exponent. Here the |.u.b. is over all nontrivial 
solutions ¢(s) of (1)’and R is as previously specified. 

Remark 2.1: The results of Perron show that \(A) < na where a = max |ja;;|). 

Remark 2.2: If A(t) is kinematically® similar to C(t) then \(A) = A(C). 

We now consider the upper triangular matrix C(t) which is kinematically similar 
to A(t) by the Perron transformation. We first observe that for any 7 


oo l 
lim [iu ; la cals) < A(C) = NA) 


toeR 


t—-> @ 
where c;,(¢) denotes a diagonal element of C(t). To see this we first note that for any 
e > 0 there exists 7'(e) such that 


lu.b. [{In(|| o(to + 2)]|/|] e(to)||)} /t] < MC) + = for any t > T(e) 
g(t), to ER 


where ¢(s) is any nontrivial solution of the system 
x = C(t)z. (3) 


Now if we denote by ¢;(t, ¢) the solution of (3) defined by ¢;(to, t) = (614... ., eal 
where 6,; is the Kronecker delta, we have that 


In [exp (Jig cii(s)ds)] < In || ¢i(to, t)|| < (A(C) + €) (t — bo) 


for all ¢ such that t — & > T(e) andi = 1, 2,...,”. Thus we have established in- 
equality (2) and we are ready to prove our main result. 

THEOREM 2.1. For any system of the form (1) the major characteristic exponent 
is an upper semi-continuous function with respect to the uniform norm. 

Proof: We first note that it suffices to establish the result for upper triangular 
matrices whose diagonal terms possess property (2). We note, however, that the 
transformation given by the matrix diag (1, y, ..., y”~') for the proper choice of 
y, will make the off diagonal terms arbitrarily small. Thus these terms may be con- 
sidered as a part of the perturbation matrix. Therefore we must show that given 
any « > 0 there exists a 6(e) > 0 such that for ||B|| < 6(e), A(C* + B) < A(C*) + 2e, 
where C* is a diagonal matrix whose elements possess property (2). In the re- 
mainder of this proof we let } denote \ (C*). Thus we consider the system 


= C*(t) + Biz (4) 


where ||B|| < 6(e) and C*(t) = diag [eu(t), ..., Crn(i)|. We first observe that 
o(to + 1) = diag [exp( fi,."* ‘eu(s)ds), ..., exp (fi°*' enn(s)ds)] is a fundamental 
matrix for 

x = O*(8) (5) 


and that o(t + t)o— (io + s) = diag [exp( Jf,‘ eu(r)dr), ..., exp (f,' enn(r)dr)]. 
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We consider for any vector (a), ..., @,)" where >, |a,| = 1 and any time t the solu- 
i=l 
tion of (4) defined by 
(lo + t) = (to + t)(a, ..., an)? + Si o(o + t)d7! (8)B(s)o(s)ds. (6) 


Setting w = s — f and M(e) = exp (|c*|| T(«)) we have 


Il o(to + t)|| < M(e) exp [(A + 6t] + | 
So’ n M(ce)|| Bl exp [A + &(t — w) lle + w)|| dw. 


If we set 


g(t) = |le(t + A || exp [—( + oz], ¥(t) = M(e), Y(w) = n M(6)||BI, 


then by problem 1, page 37, of Coddington and Levinson,’ we obtain 
g(t, + t)|| exp [—(A + &)t] < M(e) + ||Biin M(e) exp [et] 


if |B) < «/[n M(e)]. We note, however, that the above estimate on ||g(t) + ¢) || is 
independent of f and (a), ..., an) and so Theorem 2.1 follows. 


Remark 2.3: If A(t) is almost periodic and B(t)e Hull [A(¢)] then A(B) < A(A).® 
Since, however, B(t)e Hull [A(¢)] implies A(t)e Hull [B(2)], we have that A(B) < 
\(A) < A(B) and so A(A) = A(B). 

3. We now point out the resulting generalizations of known perturbation results. 
To describe these generalizations we introduce the following definition.‘ 

Definition 3.1: The matrix A(t)e M, is said to be approximately similar to B(é) « 
M,, if given any « > 0 there exists a P(e, t) such that P(e, t), P~'(e, 2), P(e, the M, 
and ||P-"(—P + A(t)P) — B(t)|| < «. 

Systems of the form 

dé 
dt 
dy 
dt 


1 + 0(6, y, t, €) 


= Ay+ Y(6, y, z, €), (7) 


where A has characteristic roots with non-zero real parts, Y and © are periodic in @ 
and satisfy certain regularity assumptions, are discussed in a book by N. Bogoliubov 
and Mitropolski.' It is shown there that for @ a scalar and y an n vector there 
exists a family F(e) of invariant surfaces. Mitropolski recently observed’ that 
these results can be generalized to systems: 
dé 
dt 
dy 
dt 


1 + (6, y, t, €) 
A(t)y + Y(@, y, 2, €), (8) 


where the system dy/dt = A(é)y has a fundamental solution 7(¢#) such that 
IY (Ys) || < Be~*'~” for B>0, a>0,t > se€R. It isknown that the results of 
Bogoliubov and Mitropolski can be carried through if A(t) is approximately similar 
to a matrix with either of the two properties mentioned above.® * From the results 
of section 2 of this note it is clear that if \(A) < 0, then A is approximately similar 
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to a diagonal matrix C*(t) which has the necessary properties described in the paper 
of Mitropolski.’ As an example we have the following statement in the case 6 does 
not appear. This is a straightforward generalization of the author’s results® for the 
systems of tle form 


* = A(t)x + f(a, «, 0), (9) 


where x is an n-vector, € a real parameter, A(t) is almost periodic in ¢, and for a 
fixed €9, 0 < € < €, f(x, €, t) is almost periodic in ¢ uniformly with respect to x in 
some open set in R”, and II f(a, e, t)|| = O((|2/|2 + | el) as {| ar — 0, e| > 0, 
THeoreM A. If \(A) < O then there exists a, ¢, 0 < « < €, ¢ > O, such that for 
O<€ < «& there exists a unique, stable almost periodic solution p(e, t) of (9) in the 
region ||x|| < o, and p(e, t) tends to 0 uniformly in —2 <t< © ase> 0. 
In closing we observe that similar generalizations are possible for systems of the 
form 
dé 
dt 
dy 
dt 
dz 
dt 


I(e) + O(8, y, z, t, ©) 
Ay + Y(0, y, z, t, €) 
= z+ «Z(@, y,z,t, ©), 
where ¢ is a real parameter and @, y, z are k, | and m-vectors, respectively.’ 


* This research was partially supported by the Air Force Office of Scientific Research under 
contract No. AF 49(638)-382. 
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LINEAR DIOPHANTINE INEQUALITIES APPLIED TO 
GENERALIZED FABER POLY NOMIALS* 


By T. S. Morzki1n 


UNIVERSITY OF CALIFORNIA, LOS ANGELES 
Communicated by Joseph L. Walsh, December 18, 1959 


Walsh has introduced « concept of generalized Faber polynomials for noncon- 
nected sets, the definition of which depends on integers whose existence is guaranteed 
by the lemma:! ? 

If >,* a, = 1, a, > O, then there exist integers Xn, n = 1,2, ..., and Xp fulfilling 
the system of linear diophantine tnequalities 


0 < Lkn < Len +1 < Xkn + l, Lilien = Nn, |ten — na,| < Xo. 


The content of this lemma (regarding the 2;,/n as ratios simulating prescribed 
frequencies a,) can equivalently be expressed by saying that there exists a sequence 
ky, ke, ... with k,€ ' eS K} such that | €xn| is bounded, where 


=- > 
~ 


€xn = “vy <n, kv = pl — ayn. 


The bound K’ given in [2] is the smallest integer > log K/log 2 (but K’ = 0 for 
K = 1). Weshall prove one stronger and two partially stronger statements: 
There exists a sequence \k,{ such that (1) 


| | 
| €xn| < 2 K’. 


There exists a sequence \k,,} such that 


ee lo 
l2mt722—&. 


There exists a sequence \k,} such that 


ken = Ds Ojn (8x — Qe), OS On <1, Hy On = 0. 


Here 6, = Oorlasj # korj = k. 
Since for every sequence {k,}, 
€xynt+l ~~ kn = er k — A 
and 
Jrlkn = 0, Ll €xn nog ay) — oa .: 


(2) follows by remarking that for some ko, 


Ekoyn re ax < nev 2 


r 


so that by choosing k, +1 = ko the inequality «,,41 < 1 — (1/K) will hold for 


k = ko as well as for all other k, if ¢&, < 1 — (1/K) is presupposed; setting eo = 0 
251 
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we see that e¢, < 1 — (1/K) holds for all n. This implies ej, = —Zjexr€jn => —(K 
— 1) [1 — (1/K)] =2 — K — (1/4). 

In particular for K = 2, | een </>. Hence (1) for K < 2; asin [2], (1) forall K 
is obtained by induction on K’: we define a,’ = a; + ... + Gyx/o), ao’ = 1 — ay’, 
and apply (1) first to a;’, a2’ and then to their subdivisions. 

To prove (3) note that the parallel projection of a hypercube coincides with that 
of its faces, or rather of its front (or rear) faces in the direction of projection. Thus 
if B;,j = 1, ..., K, are K-vectors, each with coordinate sum 0, such that the origin 
belongs to the interior of the convex hull of B,, ..., Bx, then every K-vector of the 
form 


4a3,,.. 060 <1, 


‘an also be written in the same form with the additional restraint 11,6; = 0, and 
this in only one way. Now if B; = (6, — q, ..., 6c — ax) then 2a,B,; = 0, 
so that the B,; are vectors as required. Hence if k;, ..., k, have been determined 
such that (3) holds for n, then (3) will hold for n + 1 if and only if &,.4. = 9, 
while k, is unrestricted. 

In each case, (1), (2) and (3), the point «,,, ..., €x,, is confined to a certain 
region R, R2, or R; of the hyperplane Y= = 0, the volume of which is VK times 
that of its projection on a coordinate hyperplane «& = 0. The volume V of the 
latter, in case (1), is K’*—1(1 — 2?-*/K — 1)!); in ease (2), V = (K — 1)* -1/ 
(K — 1)!~ex V2xK. Incase (3), V is the sum of the absolute values of the K — 
1 by K — 1 minors in K — 1 columns of the matrix 6, — a;,; these absolute values 
are easily seen to be a, ..., a, so that the volume V = 1. Thus the regions 
R, and R2, which do not depend on the a,, are for k = 3 larger than R;; but they do 
not contain R; unless a, = ... = ag = 1/K for Re, since for R; we have only the 
inequalities 1 — a, > &, > —(K — 1)aq. Nor does R, for k = 3, contain the 
smaller region Ro». 

Interesting open questions are whether '/:K’ is the smallest possible bound, 
whether FR, is the smallest universal region (region independent of the a,)* and 
whether R; is the smallest region for given general a,. For special a, the points 
(€in, - --, €n) May be finite in number, and the volume of their convex hull may be 
smaller than VK , the volume of R3. 

Uniqueness of the sequence {k,}, for K > 2, can of course always be enforced by 
selecting the smallest k-value in case of doubt; but the result of this imposition is 
not invariant when the a, are permuted. The same rule gives an invariant result 
if we assume a; < ... < ag, ora; > ... > ax. In (2) it is more natural to choose 
the smallest «, — a; for general a, this is unique, and among equal e&, — a, we 
can again resort to selecting the smallest k. The procedure (3) is, for general a,, 
unique except forn = 1, ..., K — 1, with respectively K, K — 1, ..., 2 possible 
choices and thus K! starting selections (k,, ..., kx), viz. the permutations of 1, 

r. € 

It is exactly the property of uniqueness which distinguishes the Faber poly- 
nomials (K = 1) from their generalization. The multitude of possible sets of poly- 
nomials for a given disconnected set is considerably restricted by adopting pro- 
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cedures (1), (2), or (3), and the remarks just made indicate several ways of restrict- 
ing it further or even achieving a unique determination. 

* Sponsored, in part, by the Office of Naval Research. Reproduction in whole or in part per- 
mitted for any purpose of the United States Government. 

1 Walsh, J. L., ‘‘A generalization of Faber’s polynomials,’ Math. Annalen, 36, 23-33 (1958). 

2 Walsh, J. L., “Sur l’approximation par fonctions rationelles et par fonctions holomorphes 
bornées,’’ Ann. di Mat. (4), 39, 267-277 (1955). 

* The proof of (1) yields, for K not a power of 2, the bound !/.(K’ — 1) for some k. The corre- 
sponding region is still larger than 2, except for K = 3, where V = 1%/,, versus V = 3 for R,, and 
V = 2 for Rs. 


THE STABILITY OF NON-DISSIPATIVE COUETTE FLOW IN 
HY DROM AGNETICS* 
By 8S. CHANDRASEKHAR 
UNIVERSITY OF CHICAGO 


Communicated December 28, 1959 


1. The stability of viscous flow between coaxial cylinders of an electrically 
conducting fluid, when a uniform external magnetic field is impressed in the axial 
direction, has been investigated.! The corresponding problem in non-dissipative 
flow has not received the same attention though a special case has recently been 
examined by Velikhov.? In this paper we shall describe the results of a somewhat 


more general discussion. 
2. Ina eylindrical system of coordinates (r, 6, z), the equations of inviscid flow 


of an incompressible fluid of zero resistivity allow the stationary solution 
, = 0, Up = rQ(r) = Vir), 


and H, = H = constant, (1) 


2 


where V(r) is an arbitrary function of r. (In eq. [1], u,, up, and u, are the com- 
ponents of the velocity and H,, H,, and H, are the components of the magnetic 
intensity in the radial (r), the transverse (0), and the z-directions, respectively). 

Considering an infinitesimal perturbation of the flow represented by the solution, 
(1), let the perturbed state be described by 


ur, V + Up, Uz, h,, he, H + h, and (= 6P/p). (2) 
The linear equations governing these perturbations can be readily found; and 
seeking solutions of these equations whose (t, 0, z)-dependence is given by 


el (pt + mé + Rs) (3) 


where p is a constant (which can be complex), m is an integer (positive, negative, 
or zero), and k is the wave number of the disturbance, we find: 
on | ae do 
tou, — 2— Uy — tkh, = — —, 
r 4irp dr 


(4) 
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ce Mi: } 
ioue + | — + —]) u, — — thkh, = — —ao, (5) 
dr r 4p r 


H 
tou, — —— tkh, = — tka, (6) 
4arp 


toh, = tkHu,, (7) 


dV V 
tohg = tkHuy + (f _ "| h,, (8) 
dr r 


ich, = tkHu,, 
where o= p+ mo. 
In addition, we have the equations 


du, U, 
— 


dr r 


eee 
aot + he + ikh, = (12) 


m 


v 
+ “ Ug + tku, (11) 


and = 
which express the solenoidal character of the velocity and the magnetic fields. 
(In the foregoing equations u,, us, etc., are functions of r only: they are the ampli- 
tudes of the perturbations whose (t, 6, z)-dependence is given by [3]; also we have 
set the magnetic permeability equal to 1.) 

3. By suitably combining the equations, (4) (12), we can obtain the following 
pair of equations: 


40°04 da 2mok ow 
| — 24? — &(r) — —— | = ae (13) 


o— O72)" dr ot —Q4?r’ 


d 2moaQ m* 
; (ré) 7) ; g pace, Spe + k? @, 
r dr r r? 


(o? — Qy4?) 


= tot = (0/kH)h,, 


is the Alfvén frequency, and 


dQ 
@(r) = 40? + 2rQ — 
dr 


(17) 
is Rayleigh’s discriminant.® 

4. Incase m = 0 (to which case we shall restrict ourselves in this note) equations 
(13) and (14) reduce to 


2¢— ,2 
E — 042 — @(r) — Bsidin |: = Do, (18) 


o _ Q4? 


(p? — 242)Det = kes (19) 
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where D = d/dr and Dk = D+ 1/r. Eliminating o between these equations we 
obtain 


«k (DDx — k*) & 3 mami (20) 


where c= 7? ‘a* (21) 


If we suppose that the fluid is confined between two coaxial cylinders of radii 
R; and R, (>R,), then the boundary conditions are: 


&é=0 forr = R,; and R.. 


Equations (20) and (22) constitute a characteristic value problem for x. 

5. We shall first show that the characteristic values of x are all necessarily real. 
This follows from equation (20) after multiplication by ré* and integration over 
the range of r; for, we then obtain (after an integration by parts), 


” | | ' me 4 40 47k? 
ef r {|Dae|? + kele|2} dr a f r&(r)|¢|? dr + 


Ri ! K 


and the imaginary part of this equation gives 


is | 404 2k? = , 
(x) I, r{ |Deel|? + kel?) dr + 54. ‘. ra lr | =0. (24) 


1 |k|* 1 


Since the factor of (x) in equation (24) is positive definite, we can conclude that 
(x) = 0; and this proves the reality of the characteristic values of x. 
6. In view of the reality of « (and therefore, also of the proper functions), we 
can rewrite equation (23) in the form 
Pad = xk?], —- 4k?Q.471 5 = 0, (25) 
where IT, = fx r{(Deé)? + keh dr, (26) 
R. * oF 
I, = Jr, rP(r)é dr, (27) 
and Is = Sx? rQ?e? dr. (28) 
It can be shown (we shall omit the proof) that a necessary and sufficient condition 
that the first order change in x (evaluated in accordance with eq. {25|), consequent to an 
arbitrary variation, 5£, in — (compatible only with the boundary conditions on $), 
vanishes identically is that & be a solution of equation (20). 


7. Now extracting the root of equation (25) (which, in view of the theorem 
stated in §6, is meaningful) we have 


| 
kK = p” - Q,4? = 9] jh = V/ (kl? + 160.2%] (29) 
oly \ 


For stability it is necessary that p? > 0; and equation (29) leads to the condition 
21,042 + kl, > VW [kT.? + 16k704° 3). (30) 


Squaring this inequality (which is permissible since, for stability, both sides must be 
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positive), and simplifying, we obtain 
T,Q4? > k?(4I3 — Is). (31) 


Inserting the expressions for J; and J. given by equations (27) and (28), we can re- 
write (31) in the form 


1,042 > k? fF r[40? — &(r) Je dr. (32) 


Now making use of the definitions of Q4? and ®(r), we obtain 
£ 


H? pa | a 
h—>- — } r°g%dr, (33) 
4p 1 \dr 


From this last inequality it follows that in the limit of zero magnetic field a sufficient 
condition for stability 1s that the angular speed, Q|, is a monotonic increasing function 
of r. However, according to (33), an adverse gradient of angular velocity can al- 
ways be stabilized by a sufficiently strong magnetic field (see §9 below). 

8. It is in some ways remarkable that we do not recover Rayleigh’s criterion, 
&(r) > 0, in the limit of zero magnetic field. The origin of this must lie in the 
circumstance that in a fluid of zero resistivity the lines of magnetic force are 
permanently attached to the fluid; and this permanent attachment is in no way 
dependent on the strength of the magnetic field. 

9. The exact strength of the magnetic field which will stabilize a given adverse 
distribution of Q(r) can be specified only in terms of an explicit solution of the 
underlying characteristic value problem. 

In case the gap, d = R, — R,, between the two cylinders is small compared to the 
mean radius, Ro = '/2(R2 + R,), the problem can be explicitly solved if the dis- 
tribution of Q is, in addition, that which is permissible under viscous flow. In a 
scheme of approximation valid under these circumstances, equation (20) becomes 


(D? — a’)—é = —a*A[l — (1 — u)S]&, (34) 


where ¢ measures the radial distance from the inner cylinder in the unit d, D = 
d/dt, 

a = kd. p=Q (35) 

A = —20,? (1 — uw) Ro/dk, (36) 


and 2; and % are the angular velocities of the two cylinders. And the boundary 
conditions are 


£ = 0 for ¢ = O and 1. (37) 

The characteristic value problem presented by equations (34) and (37) has re- 
cently been solved by Reid in a complete discussion of the inviscid Couette flow in 
hydrodynamics.‘ If A(a; uw) denotes Reid’s characteristic value for an assigned a 


and yu, it follows from equation (36) that 


a 


: 20;? (1 ~ h) Ro 
Ypres SN. ASD - 38 
4irp (a; p)d 9) 


9 


: HT? 20,°(1 — ps) ne 
et Goa f 3 
F ae a*d(a; p) (39) 
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The quantity a’\(a; u) is a monotonic increasing function of a and attains its 
minimum value at a = 0. Therefore, if we let 


: tee? l 
A(u) = limit ~~ (40) 


ao @A(A; yu) 
the minimum field strength, H,,,;,, required to stabilize the adverse flow, 


2 = {1 — (1 — pf], andy <1, (41) 
is given by 
ae, 


4rp 


10. A further fact may be noted. If 2 = constant, the characteristic values of 
a ( = p + mQ) can be determined readily in terms of the corresponding charac- 
teristic values,® oo, when H = 0. Thus 


t 


o = 5 [oo + VW (a0? + 42x). (43) 


* The research reported in this paper has in part been supported by the Geophysics Research 
Directorate of the Air Force Cambridge Research Center, Air Research and Development Com- 
mand, under Contract AF 19(604)-2046 with the University of Chicago. 

1 Chandrasekhar, 8., ““The Stability of Viscous Flow Between Rotating Cylinders in the Pres- 
ence of a Magnetic Field,’’ Proc. Roy. Soc. (London), A216 293-309 (1953); also, Niblett, E. R., 
“The Stability of Couette Flow in an Axial Magnetic Field,’ Canadian J. Phys., 36, 1509-1525 
(1958). These papers deal with the case of two cylinders rotated in the same direction; the case 
when they rotate in opposite directions has recently been investigated and will be published in 
due course. 

2 Velikhov, E. P., ‘Stability of an Ideally Conducting Liquid Flowing Between Cylinders 
Rotating in a Magnetic Field,’”’ J. Exptl. Theoret. Phys. (U.S.S.R.), 36, 1398-1404 (1959). 

3 For the significance of this discriminant see Chandrasekhar, S., ““The Hydrodynamic Stability 
of Inviscid Flow Between Coaxial Cylinders,’’ these PRocEEDINGS, 46, 137 (1960). 

* T am grateful to Dr. H. W. Reid for communicating to me his unpublished results. 

5’ These modes have been discussed by Lord Kelvin, “Vibrations of a Columnar Vortex,’’ 
Mathematical and Physical Papers, 1V Hydrodynamics and General Dynamics (Cambridge: The 
University Press, 1910) pp. 152-165; for a more recent account, see Bjerknes, V., J. Bjerknes, 
H. Solberg, and T. Bergeron, Physikalische Hydrodynamik (Berlin: Springer, 1933), chap. 11. 


THE GEOMETRY OF QUANTUM STATES 
By JULIAN SCHWINGER 
HARVARD UNIVERSITY 


Communicated December 9, 1959 


An earlier note’ contains the initial stages in an evolution of the mathematical 
structure of quantum mechanics as the symbolic expression of the laws of micro- 
scopic measurement. The development is continued here. The entire discussion 
remains restricted to the realm of quantum statics which, in its lack of explicit 
reference to time, is concerned either with idealized systems such that all properties 
are unchanged in time or with measurements performed at a common time. 
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The uncontrollable disturbance attendant upon a measurement implies that the 
act of measurement is indivisible. That is to say, any attempt to trace the history 
of a system during a measurement process usually changes the nature of the meas- 
urement that is being performed. Hence to conceive of a given selective measure- 
ment M(a’, b’) as a compound measurement is without physical implication. It is 
only of significance that the first stage selects systems in the state b’, and that the 
last one produces them in the state a’; the interposed states are without meaning 
for the measurement as a whole. Indeed, we can even invent a nonphysical state 
to serve as the intermediary. We shall call this mental construct the null state 0, 
and write 


M(a’, b’) = M(a’, 0)M(0, 6’) (1) 


The measurement process that selects a system in the state b’ and produces it in the 
null state, 


M(0, b’) = (’), 


can be described as the annihilation of a system in the state b’; and the production 
of a system in the state a’ following its selection from the null state 


M(a’,0) = ¥(a’), 


can be characterized as the creation of a system in the state a’. Thus the content 
of (1) is the indiscernibility of M(a’, b’) from the compound process of the anni- 
hilation of a system in the state b’ followed by the creation of a system in the state a’, 


M(a’, b’) = V(a’)&(b’). (2) 


The extension of the measurement algebra to include the null state supplies the 
properties of the Y and @ symbols. Thus 


V(a’)' = B(a’), —-(b’)' = Hb’) 
and 
V(a')V(b’) = (a’)&(b’) = 0, M(a’, b’)&(c’) = V(a’)M(b’, c’) = 0, (3) 
whereas 
M(a’, b’)¥(c’!) = <b’ |e’ > W(a’), &(a’)M(b’, c’) = <a’ |b’ > &(c’), (4) 
and 


#(a’)¥(b’) = <a’ |b’ > M(O). 


The fundamental arbitrariness of measurement symbols expressed by the substi- 
tution 


M(a’, b’) > e ** M(a’, b’)e'*?, (5) 
implies the accompanying substitution 
V(a’) BEN eo tela’) V(a’), 6(b’) a irl’) 6(b’), (6) 


in which we have effectively removed ¢(0) by expressing all other phases relative 
to it. 
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The characteristics of the measurement operators M(a’, b’) can now be derived 
from those of the Y and ® symbols. Thus 


M(a’, b’)' = 4(b’)tW(a’)t = W(b’)&(a’) = M(b’, a’), 
and 
tr M(b’, a’) = tr &(a’)¥(b’) = <a’ |b’ >, 
while 
M(a’, b’)M(c’, d’) = M(a’, b’) ¥(c’)&(d’) = 
<b’ |e’ > W(a’) @ (d’)= <b’ |c’> M(a’, a’). 

In addition, the substitution (6) transforms the measurement operators in accord- 
ance with (5). 

The various equivalent statements contained in (3) show that the only signifi- 
‘ant products—those not identically zero-—are of the form V%, ®¥, and X¥, X, 
in addition to X Y, where the latin symbols are operators, elements of the physical 


measurement algebra. According to the measurement operator construction (2), 
all operators are linear combinations of products ¥®, 


X = ¥ Wa’) < a’ |X |b’ > 0(b’) 
a’b’ 


and the evaluation of the products XV, ®X, and XY reduces to the ones contained 
in (4), 


V(a’)b(b’)W(c’) = ¥(a’) <b’ |e’ >, 
&(a’) ¥(b’) B(c’) = <a’ |b’ > Be’). 


Hence, in any manipulation of operators leading to a product ®¥, the latter is ef- 
fectively equal to a number, 


&(a’)¥(b’) = <a’ |b’ >, 
and in particular 
&(a’)V(a") = b(a’, a”). (7) 
It should also be observed that, in any application of 1 as an operator we have, in 
effect 
1 = Ma’) = rv (a’)&(a’). 


Accordingly, 


X = \) W(a’)&(a’)X¥(b’) &(b’), 
a’b’ 


which shows that 
&(a’) X¥(b’) = < a’|X |b’ >. 
The bracket symbols 


<a’| = &(a’), ib’ > = V(b’) 
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are designed to make this result an automatic consequence of the notation (Dirac). 
In the bracket notation various theorems, such as the law of matrix multiplication, 
or the general formula for change of matrix representation, appear as simple appli- 
vations of the expression for the unit operator 
1 = |e’ > <a’ |. 
* 

We have associated a VY and a ® symbol with each of the N physical states of a 
description. Now the symbols of one description are linearly related to those of 
another description, 


V(b’) = 4 ¥(a’) O(a’) ¥(b’) = DO ¥(a’) <a’ |b’ >, (8) 
and 
@(a’) = V<a’|b’ > 4b’), (9) 
b’ 


which also implies the linear relation between measurement operators of various 
types. Arbitrary numerical multiples of ¥ or ® symbols thus form the elements 
of two mutually adjoint algebras of dimensionality N, which are vector algebras 
since there is no significant multiplication of elements within each algebra. We are 
thereby presented with an N-dimensional geometry—the geometry of states— 
from which the measurement algebra can be derived, with its properties character- 
ized in geometrical language. This geometry is metrical since the number #V de- 
fines a scalar product. According to (7), the vectors ®(a’) and W(a’) of the a- 
description provide an orthonormal vector basis or coordinate system, and thus 
the vector transformation equations (8) and (9) describe a change in coordinate 
system. The product of an operator with a vector expresses a mapping upon 
another vector in the same space, 


XV(b’) = LV(a’) O(a’) X¥(b’) = Lv(a’) < a’ |X |b’ >, 


&(a’)X = >> <a’ |X |b’> O(b’). 
a 


The effect on the vectors of the a-coordinate system of the operator symbolizing 
property A, 
A = Yoa’'V(a’) ¥(a’) 
is given by 
AWV(a’) = a’/V(a’), B(a’)A = B(a’)a’, 


which characterizes V(a’) and ®(a’) as the right and left eigenvectors, respectively, 
of the complete set of commuting operators A, with the eigenvalues a’. Associated 
with each vector algebra there is a dual algebra in which all numbers are replaced 
by their complex conjugates. 

The eigenvectors of a given description provide a basis for the representation of 
an arbitrary vector by N numbers. ‘The abstract properties of vectors are realized 
by these sets of numbers, which are kownn as wave functions. We write 

Ww = >) la’ > <a’|¥ 


' 
a’ 


= > |a’> Wa’). 


7 
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and 
= g(a’) <a’ , 
g¢(a’) = Pia’ >. 


If @ and W are in adjoint relation, @ = W', the corresponding wave functions are 
connected by 


o(a’) = ¥(a’)* 
The scalar product of two vectors is 
P, V. = »» ®; |a’ > <a’ |¥, 

-¥ ¢1(a’) y2(a’) 
and, in particular, 

Lv(a’)*¥(a’) > 0 
which characterizes the geometry of states as a unitary geometry. The operator 
WV, is represented by the matrix 

<a’ |W, |b’ > = y;(a’)go(b’), 
and wave functions that represent XV and ®X are 
a’ |XV = » <a’ |X |b’ > y(b’) 


and 


@X |b’ > = pi o(a’) < a’ |X |b’ 


On placing X = 1, we obtain the relation between the wave functions of a given 
vector in two different representations, 


v(a’) » <a’ |b’ > y(b’) 
o(b’) E ofa’ <a’ |b’ >. 


From the viewpoint of the extended measurement algebra, @ and y wave functions 
are matrices with but a single row, or column, respectively. 

It is convenient fiction to assert that every Hermitian operator symbolizes a 
physical quantity, and that every unit vector symbolizes a state. Then the ex- 
pectation value of property X in the state VW is given - 

<X>y = VW'XY = de ¥(a’)*<a’ X |a” > ¥(a"). 
a ‘a” 
In particular, the probability of observing the values a’ in an A-measurement per- 
formed on systems in the state V is 


p(a’, VW) = <M(a’) >y = W'\u’> <a’ |W = |y(a’)|?. 


The geometry of states provides the elements of the measurement algebra with 
the geometrical interpretation of operators on a vector space. But operators con- 
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sidered in themselves also form a vector space, for the totality of operators is closed 
under addition and under multiplication by numbers. The dimensionality of this 
operator space is N? according to the number of linearly independent measurement 
symbols of any given type. A unitary scalar product is defined in the operator 
space by the number 


<X|Y> = tr(XtY) = <¥t|X'd, 
which has the properties 


<X|Y>* = <¥|xX> 
<A {A> => 0. 


The trace evaluation 

tr M(b’, a’)M(a", b”) = 6(a’, a”)6(b’, b”) 
characterizes the M (u’, b’) basis as orthonormal. 

<M(a’, b’)|M(a", b”) > = 5(u’b’, ab”), 
and the general linear relation between measurement symbols, 

M(c', d’) = 2 <a’ c’><d' |b’> M(a’, b’), 
can now be viewed as the transformation connecting two orthonormal bases. This 
change of basis is described by the transformation function 
<a'b’ \c'd’> = <M(a'b’) |M(e’, d’) = <a’ |e’> <d’ |b’>, 
which is such that 
<a’b’ |c’d’> = <d’e'|b’a'>. 

and 


<a’b’ |c'd’>* = <c’d’ |a’b’> 
= <b’a’ |d'c'>. 


One can also verify the composition property of transformation functions, 


yi <a bh! le’d’> <c'd' le‘f’> =e <a'b’ le’f’>. 


The probability relating two states appears as a particular type of operator space 
transformation function, 


p(a’, b’) = <a’ |b’> <b’ |a’> 
= <aq’a’ lb’b’>. 


Let X(a), a = 1..N?, be the elements of an arbitrary orthonormal basis, 
<X(a)|X(a’) > = 8(a, a’). 
The connection with the M(a’, 6’) basis is described by the transformation function 
<a'b’|a> = tr M(b’, a’)X(a) 
<a’ |X (a) |b’>. 
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We also have 
<ala’b’> = <a’b’ |a>* 
= <b’|X(a)t\a’> 
and the transformation function property 


> <a’b’|a> <ala"b"> = 6(a’b’, ab”) 


acquires the matrix form 
> <a’ |X (a) |b’> <b” |X(a)'|a” > = 8(a’, a”)5(b’, b”). 

If we multiply the latter by the b-matrix of an arbitrary operator Y, the summation 
with respect to b’ and b” yields the a-matrix representation of the operator equation 
> X(a)¥X(a)' = 1 tr Y, 
the validity of which for arbitrary Y is equivalent to the completeness of the oper- 


ator basis X(a). Since the operator set X(a)t also forms an orthonormal basis 


we must have 


> X(a)tYX(a) = 1tr Y, 


and the particular choice Y = 1/N gives 


1 l 
V > X(a)X(a)t = y eX (at X(a) = 1. 


The expression of an arbitrary operator relative to the orthonormal basis X (a), 


X = D) X(a)zx(a), 


defines the components 
t(a) = <X(a) |X> = <a|X> 
For the basis M(a’, b’), the components are 
z(a’b’) = tr M(b’, a’)X 
= <a’ |X |b’>, 
the elements of the ab-matrix representation of X. The scalar product in operator 
space is evaluated as 


<X|Y¥> = LY 2(a)*y(a) 


Qa 


and 


<X|X> = D |z(a)|? > 0. 


Qa 


On altering the basis the components of a given operator change in accordance with 


x(a) = »» <a |@> x(8). 


For measurement symbol bases this becomes the law of matrix transformation. 
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There are two aspects of the operator space that have no counterpart in the 
state spaces—the adjoint operation and the multiplication of elements are defined 
in the same space. Thus 


X (a) u (a) X (8)t 
(a8) = (Ba) = tr X(a) X(8), 


X(a)X(8) = DY (aby) X (y)t 
= ¥ X(7) < y|a6 > 


where 


= (Bya) = (ya) 
= tr X(a)X(8)X (7) 


and 
<yla8> = tr X(y)tX(a)X (8). 
Some consequences are 


<a|X>* = ¥ (a8) < B|XT>, 
8B 


<y|XY> = ¥ <y|a8> <a|X> <slY>. 
a8 


which generalize the adjoint and multiplication properties of matrices. The ele- 
ments of the operator space appear in the dual role of operator and operand on de- 
fining matrices by 


<a|X |a"> = <a|XX(a")> 
= )) <ale’a"> <a’|X>. 


The measurement symbol bases are distinguished in this context by the complete 
reducibility of such matrices, in the sense of 


<a’b’ |X |a"b” > = <a’|X |a”> 6(b’, b”). 
Otherwise expressed, the set of N measurement symbols M(a’, b’), for fixed b’, or 
fixed a’, are left and right ideals, respectively, of the operator space. 
The possibility of introducing Hermitian orthonormal operator bases is illustrated 

by the set 

2-""1M(a’, a”) + M(o", a’)] 

a’ # a": 

2~-"* i[M(a’, a”) — M(a", a’)], M(a’). 

For any such basis 


<a|a’> = (aa’) = 6(a, a’) 
and 
<a|X>* = <a|X}>, 
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which implies that a Hermitian operator X has real components relative to a 
Hermitian basis, and therefore 


<X|X> = > 2(a)? > 0. 


Thus the subspace of Hermitian operators is governed by Euclidean geometry, and 
a change of basis is a real orthogonal transformation, 


X(a) = >> (a8)X(8). 


B 


When the unit operator (multiplied by N~ '”?) is chosen as a member of such bases 
it defines an invariant subspace, and the freedom of orthogonal transformation 


9 


refers to the N? — 1 basis operators of zero trace. 
Important examples of orthonormal operator bases are obtained through the 


study of unitary operators. 


1 Schwinger, J., these PROCEEDINGS, 45, 1542 (1959). 
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